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ABSTRACT 
  
It has become increasingly clear that river channel sediment dynamics must 
be taken into account within British flood risk management because changes in 
channel morphology resulting from sediment transfer can have an impact on 
channel flood capacity. It is also recognised that an understanding of catchment-
scale sediment dynamics is desirable with respect to many other aspects of river 
management. However, despite this recognition, application of existing 
approaches that account for coarse sediment dynamics has been limited within 
British river management. 
Based on these considerations, this study aims to develop and substantiate 
a new approach that quantitatively accounts for catchment-scale coarse sediment 
dynamics in British rivers. These research efforts contribute to the activity of the 
Flood Risk Management Research Consortium (http://www.floodrisk.org.uk/) 
A review of the availability and accuracy of data sources useful to 
considerations of coarse sediment dynamics reveals that only discharge, channel 
slope, and channel width can be represented widely at the catchment-scale. As a 
result, none of the approaches currently available to account for coarse sediment 
dynamics were found to be both scientifically robust and practically applicable at 
the catchment-scale. This leads to the conclusion that the most suitable approach 
to account for coarse sediment dynamics at the catchment-scale in British rivers is 
a reach-based sediment balance model, using no more than slope, width and 
discharge data. 
A new reach-based sediment balance model, ST:REAM (Sediment 
Transport: Reach Equilibrium Assessment Method), is developed. It has several 
unique features including: representation of the entire catchment network; 
automatic delineation of the catchment network into functional reaches using a 
zonation algorithm; application of a new general formula for the prediction of bed 
surface material transport rate; and adoption of an assumption that makes it 
unnecessary to collect bed material size data. The outputs from ST:REAM are in 
the form of predicted Capacity Supply Ratios which compare the annual mass of 
  
iii 
sediment predicted to enter a reach with the annual mass of sediment predicted to 
leave it. 
Initial assessment of ST:REAM using two test catchments shows that it can 
produce a reasonable representation of observed, broad-scale sediment dynamics. 
The accuracy of its predictions decreases when attempting to incorporate 
downstream variability in bed material size into the model, and scale issues are 
encountered when attempting to increase the resolution at which reaches are 
identified by the zonation algorithm. 
ST:REAM has many potential applications within river management, but it 
is of most value when providing a broad-scale picture of predicted reach sediment 
balances throughout the drainage network. As well as the practical applications of 
ST:REAM, the research contained within this thesis has important theoretical 
implications, relating both to the insights it provides on catchment-scale sediment 
dynamics in particular and methodological and foundational developments in the 
field of sediment studies more generally. 
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When you can measure what you are speaking about and express it in numbers, 
you know something about it; but when you cannot express it in numbers, your 
knowledge is of a meagre and unsatisfactory kind; it may be the beginning of 
knowledge, but you have scarcely in your thoughts advanced to the state of 
science, whatever the matter may be. 
Attributed to Lord Kelvin; source unknown 
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CHAPTER ONE 
 
Chapter One: Introduction 
 
1.1 Accounting for sediment dynamics within the Flood Risk Management 
Research Consortium 
This thesis forms a component of a major programme of studies into the 
prediction and management of flood risk by the Flood Risk Management Research 
Consortium (FRMRC - see http://www.floodrisk.org.uk/): an interdisciplinary 
partnership of academic and industrial researchers from across the British Isles. 
The consortium aims to develop tools and techniques to support more accurate 
flood forecasting and warning, improve flood management infrastructure, and 
reduce flood risk to people, property and the environment (Huntingdon et al., 
2004). The consortium approach favoured by the FRMRC offers not only the 
scientific advances that would be expected of separate research projects but also 
the extra benefit of a collegiate framework. This type of approach was adopted to 
enable multi-disciplinary research activity in complex multi-scale research areas 
(Cluckie, 2008). Addressing flood risk management in a holistic way was deemed 
as being essential to ensure a complete and seamless integration of management 
options (Huntingdon et al., 2004). The first phase of the FRMRC was launched in 
2004 and completed in 2007. Its second phase began in 2007 and is due to end in 
2011. 
It was recognised from its inception that the FRMRC cannot cover all the 
topics that are of importance to flood risk management (FRMRC, 2004). It 
therefore adopted an organisational structure that addresses the six research 
µPriority Areas¶ identified as being of key importance at µFlooding Research 
Workshops¶ organised by EPSRC during 2002. These key Priority Areas are 
supported by two cross-cutting areas: Priority Area 8: Morphology and Habitats; 
and Priority Area 9: Risk and Uncertainty (Figure 1.1). 
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Figure 1.1 Schematic of FRMRC1 Priority Areas. Taken from Cluckie (2008). 
 
Priority Area 8 (Morphology and Habitats) was created on the basis that 
extant flood management seldom accounts for sediment transfer in the fluvial 
system despite the fact that disruption of sediment dynamics is known to impact 
future flood risk and damage valuable habitats (FRMRC, 2004). A key research 
issue within this Priority Area was identified as being an inability to predict how a 
particular river will respond morphologically through the formation and 
modification of zones of erosion and sedimentation. This inability represents a 
major impediment to improved understanding of fluvial dynamics, sediment-
related habitats and their links to flood risk management. The aim of Priority Area 
8 was therefore to develop, prove and disseminate the analytical tools and insights 
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needed to account for sediment dynamics, morphological responses and habitat 
impacts associated with flood management (FRMRC, 2004).  
Table 1.1 provides the original research aims of each of the Work Packages 
contained within research Priority Area 8. Work Package 8.1 was originally 
concerned with the development of a quantitative alternative to the Environment 
$JHQF\¶V )OXYLDO $XGLW In the event, research efforts within FRMRC Work 
Package 8.1 resulted in the compilation of a versatile tool-box of sediment 
transport and transfer analysis methods and models to quantitatively support 
hydromorphologically-sustainable flood risk management (FRMRC, 2008). The 
tool-box incorporates a range of different approaches that span a range of 
requirements in terms of data input, technical knowledge and costs (time and 
money) and generate output resolutions which range from indicative to diagnostic 
and spatial scales from whole catchments to short river reaches (Thorne et al., 
2006). The six models currently included in the toolbox are: the Stream Power 
Screening Tool; the River Energy Audit Scheme (REAS); the sediment transport 
PRGXOHRIWKH+\GUDXOLF(QJLQHHULQJ&HQWUH¶V5LYHU$QDO\VLV6\VWHP+(&-RAS 
5.0); the Sediment Impact Assessment Model, embedded in HEC-RAS (HEC-RAS 
SIAM); ISIS Sediment; and the Cellular Automaton Evolutionary Slope and River 
model (CAESAR). 
During FRPSLODWLRQRIWKH)505&µ6HGLPHQW7RRO-ER[¶it was recognised 
that there was an important gap between the data necessary to run existing 
quantitative models of the sediment transfer system, and the data that is widely 
available within British rivers at the catchment-scale. As a result, this Ph.D. study 
was initiated to contribute to the existing suite of tools by developing a new 
approach capable of accounting quantitatively for catchment-scale coarse sediment 
dynamics in British rivers. The research performed within this study is, therefore, 
strongly affiliated with, though not contained within, Work Package 8.1 of the first 
phase of the Flood Risk Management Research Consortium. 
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Table 1.1 Details of Work Packages within FRMRC¶V 3ULRULW\ $UHD  7DNHQ IURP
FRMRC (2004). 
WP  Description  
8.1 
 
Quantitative Fluvial Audit Technique - Will convert existing Environment Agency 
Fluvial Audit into a tool capable of identifying causal links between upstream erosion 
and downstream deposition, generating quantitative sediment flux data, and 
clarifying morphology-flood defence interactions. Deliverables will include enhanced 
software, guidance and training on Quantitative Fluvial Audits and uptake of an 
Enhanced River Habitat Survey method.  
8.2 
 
Morphology, Habitat and Infrastructure Interactions - Will investigate and 
characterise interactions between flood defence operations/infrastructure, 
morphology and habitats for different types of flood defence infrastructure and styles 
of channel change in the River Wharfe, by applying QFA method. Deliverables: 
Validated approach to accounting for and predicting interactions between 
morphology, habitats and infrastructure. Uptake of Enhanced River Habitat Survey 
and QFA methods, integration of morphological response and habitat models.  
8.3 
 
Contaminated Sediments: Assessing Environmental and Public Health Risks - 
Develops existing TRACER cellular model of sediment erosion, dispersal, storage 
and remobilisation into a numerical tool capable of identifying pathways between 
diffuse sources of contaminated sediment and downstream rural and urban flood 
sediment deposits. Deliverables will include a numerical model capable of 
identifying causal links between diffuse sources of contaminated sediments and flood 
deposits for analysis of environmental and public health risks associated with 
sediment-related pathogens, parasites and pollutants.  
8.4 
 
Sustainable Development of Floodplains and Wetlands - Involves a multi-
disciplinary study of floodplain morphology and management that builds on the 
multi-scale field experiment on land-use management in Land-use Priority Area, 
together with studies of Stakeholder Behaviour, Policy and Decision Support 
Methods in the Stakeholder and Policy Area. Work based on one upland and one 
lowland case study. Deliverables will focus on the science base for new rural land 
management and planning guidance for sustainable flood management that is 
commensurate with increased biodiversity and habitat protection and a Case Study of 
integrated, context specific, multi-functional, flood risk management for the River 
Trent in concert with stakeholders.  
 
As a result of its funding sources, one of the over-arching philosophies of 
the Flood Risk Management Research Consortium is the importance of linking 
fundamental research to the needs of end users (Figure 1.2). It was therefore 
considered imperative that the research performed within this Ph.D. study be 
mindful of the requirements of potential end-users. This led to early recognition 
that uptake by scientists and engineers involved in river management would 
depend crucially on any new, quantitative modelling approach being applicable 
based on data that is widely available at the catchment-scale. 
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However, not only should the final product of this work be genuinely 
useful in identifying and solving sediment related problems in British rivers, but 
also the process by which it is derived should provide a window on future 
research, and support improved understanding of catchment-scale sediment 
dynamics. It is envisaged that the findings reported in this thesis will inform 
development of the next generation of whole-system models by indicating how 
they might be made capable of including and accounting for sediment in the river 
system. 
 
 
Figure 1.2 Over-arching research philosophy of the FRMRC. Modified from (Thorne et 
al., 2006). 
 
1.2 Research rationale, aims and objectives  
Due to a growing need for river managers to assess coarse sediment 
dynamics at the catchment-scale, and a shortage of methods for doing so that are 
both scientifically robust and practically utilizable, it is necessary: 
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«WRGHYHORSand substantiate a new approach that quantitatively accounts for 
catchment-scale coarse sediment dynamics in British rivers. 
 
An attempt to satisfy this need provides the rationale behind this thesis. As 
there is no simple hypothesis under investigation within this study, an applied 
strategic approach is adopted with the primary aim being the development of a 
µEHVWSUDFWLFH¶SURFHGXUHIRUTXDQWLWDWLYHO\DFFRXQWLQJIRUFDWFKPHQW-scale coarse 
sediment dynamics in British rivers. The thesis focuses on achieving this through 
successful fulfilment of the following research aims and objectives: 
 
Aim 1 is to identify the need for river managers to account for catchment-scale 
coarse sediment dynamics and review the historical progress made in 
understanding these dynamics (Chapter Two). From this aim, the following 
objectives are derived: 
x Identify the importance of coarse sediment dynamics within river 
catchment management; 
x Describe how understanding coarse sediment dynamics has become more 
important following recent paradigm shifts within British river 
management; 
x Describe how understanding coarse sediment dynamics has become more 
important in light of current and predicted future changes in catchment 
process drivers; 
x Review the historical progress made by researchers attempting to explain 
how coarse sediment transport impacts on river channel morphology. 
 
Aim 2 is to create a framework of requirements for an approach that 
quantitatively accounts for catchment-scale coarse sediment dynamics in British 
rivers (Chapter Three). From this aim, the following objectives are derived: 
x Evaluate the data currently available and useful to the analysis of coarse 
sediment dynamics at the catchment-scale in British rivers; 
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x Critically appraise the scientific reliability and practical utility of currently 
available approaches to assessing coarse sediment dynamics. 
 
Aim 3 is to develop a new approach that quantitatively accounts for catchment-
scale coarse sediment dynamics in British rivers (Chapters Four, Five and Six). 
From this aim, the following objectives are derived: 
x Identify the most appropriate framework for assessing coarse-scale 
sediment dynamics at the catchment-scale; 
x Derive the individual components that comprise a new approach to 
quantitatively account for catchment-scale coarse sediment dynamics in 
British rivers; 
x Assemble and describe the new approach for quantitatively accounting for 
catchment-scale coarse sediment dynamics in British rivers 
 
Aim 4 is to substantiate the developed approach as a scientifically appropriate 
and practically useful means of accounting for coarse sediment dynamics in 
British rivers (Chapter Seven). From this aim, the following objectives are 
derived: 
x Test the developed approach in trial applications to two test river 
catchments; 
x Compare the outputs of the approach against observations of channel 
morphological status; 
x Evaluate factors influencing the accuracy of the developed approach. 
 
Aim 5 is to consider the implications of the developed approach for both the 
practical management of British river catchments and for academic treatment of 
coarse sediment dynamics (Chapter Eight). From this aim, the following 
objectives are derived: 
x Discuss the potential value of the developed approach within British river 
management; 
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x Discuss the implications of the findings of the thesis for the way in which 
the academy views catchment-scale coarse sediment dynamics. 
 
1.3 Thesis structure 
The overall thesis structure is shown schematically in Figure 1.3. 
 
 
Figure 1.3 Thesis structure 
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Chapter One has introduced a brief background and justification for the 
thesis. Based on this justification, a research rationale has been identified and a 
series of research aims and objectives necessary to complete that mission 
statement have been set out. 
 
Chapter Two aims to justify the importance of accounting for catchment-
scale coarse sediment dynamics within British river management and explores the 
historical progress made in understanding these dynamics. After introducing why 
coarse sediment dynamics have always been important for river management, this 
chapter goes on to explain how this importance has been enhanced due to changes 
both in the way we manage rivers and in the drivers influencing how they operate. 
Once the need for understanding coarse sediment dynamics has been established, 
the remainder of this chapter explores the historical progress made by other 
researchers who have attempted to explain how coarse sediment transport impacts 
upon channel morphology. 
 
Chapter Three aims to review existing data and techniques available for 
assessing catchment-scale coarse sediment dynamics in order to understand the 
setting within which any new approach must function. The data sources available 
to represent each of the relevant factors are considered both in terms of their 
accuracy, and their usefulness to an approach seeking to account for coarse 
sediment dynamics at the catchment-scale. Each of the existing approaches to 
accounting for coarse sediment dynamics are evaluated in terms of both their 
scientific robustness and their suitability for widespread application at the 
catchment-scale. Based on these reviews, decisions are made regarding the type of 
approach most suitable for accounting for catchment-scale coarse sediment 
dynamics. 
 
Chapter Four describes the development of a new approach to accounting 
for coarse sediment dynamics at the catchment-scale. Building on the basic 
approach identified at the close of Chapter Three, Chapter Four identifies 
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questions that must be answered in order to finalise the approach. The remainder 
of the chapter attempts to answer each of these questions within the constraints 
identified at the end of Chapter Three. 
 
Chapter Five introduces a means of automatically discretising a drainage 
network based on functional reach boundaries for use within the new approach. 
9DULRXVGHILQLWLRQVRIWKHWHUPµUHDFK¶ZLWKLQULYHUVFLHQFHDUHFRQVLGHUHGEHIRUHD
number of statistical methods for identifying functional reach boundaries are 
introduced and tested on a data sequence describing sediment transport capacity 
along the main stem of the River Taff in South Wales. A preferred zonation 
algorithm for identifying functional reach boundaries is selected and practical 
consideration is given to how it may be incorporated into the catchment-scale 
model. Finally, alternative applications for automatic functional reach zonation 
algorithms are discussed. 
 
Chapter Six develops a generalised bed material transport relationship for 
use within the catchment-scale approach. Previous attempts to derive transport 
relationships are reviewed and arguments concerning why they may be considered 
to have failed are made. A large database of bed-load transport data is collated and 
presented, along with a number of potential explanatory flow parameters that are 
associated with sediment transport. Details regarding the methodology used to 
identify the most appropriate parameter and to derive a general relationship 
predicting bed material transport rate are provided before the results are presented 
and discussed. Finally, a methodology for applying the general transport 
relationship within the new approach is outlined. 
 
Chapter Seven presents and assesses ST:REAM, the modelling approach 
to accounting for catchment-scale coarse sediment dynamics developed in this 
thesis. After the model has been presented, the advantages of model assessment 
over model validation and falsification are discussed. Two test catchments, the 
River Taff in South Wales and the Afon Einon in mid-Wales are introduced, and 
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the observed sediment status for each is described. The outputs from ST:REAM 
for each catchment are compared to the observed sediment status, and the impacts 
of introducing bed material variability and different reach scales on ST5($0¶V
outputs are investigated. 
 
Chapter Eight presents some conclusions drawn from the research 
performed in the preceding chapters. The potential applications of ST:REAM 
within British river management are considered before various theoretical 
implications resulting from the research are discussed. Finally, a reflection upon 
the findings of the thesis is used to inform a number of potential future research 
directions. 
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CHAPTER TWO 
 
Chapter Two: Rationale and background - the importance of understanding 
catchment-scale coarse sediment dynamics in British rivers 
 
2.1 The importance of coarse sediment dynamics 
Rivers are agents of erosion and transportation, carrying the water and 
sediment supplied to them from the land surface to the oceans. Catchment 
weathering, surface and sub-surface processes produce sediment which rivers 
transport from land-EDVHG µVRXUFHV¶ WR RFHDQLF µVLQNV¶ (VWLPDWHV RI WKH JOREDO
sediment yield delivered to the oceans annually range from 8,300-51,000 million 
tonnes, with a most rigorous estimate of 20,000 million tonnes (Walling and 
Webb, 1996). The processes that deliver these sediment loads result in net 
denudation of the landscape and therefore play an important role in shaping the 
SODQHW¶V SK\VLFDO landscape. Understanding the dynamics of rivers as sediment 
transfer systems can improve our ability to effectively manage the way in which 
we interact with the physical environment.  
The sediment load carried by rivers can be broken down on the basis of 
three different types of definition: source; transport mechanism; or measurement 
method (Table 2.1). When defining sediment load based on its source it can be 
separated into two components: the wash load, which comprises particles finer 
than those usually found in the bed and moves readily in suspension; and the bed 
material load, which includes all sizes of material found in appreciable quantities 
in the bed (Simons and Senturk, 1992). The bed material load may either be 
transported as bed-load, through rolling, sliding or saltation, when the weight of 
particles in transit is supported by the bed, or as suspended load, when particles 
are transported within the main body of the flow by turbulent mixing processes 
(Simons and Senturk, 1992). This thesis is concerned with the transfer of sediment 
responsible for geomorphological change and is therefore focussed on bed material 
load because of its influence on the adjustment of channel form. However, there is 
significant confusion in the distinction between wash load and bed material load as 
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it depends upon an arbitrarily selected size division based on the material present 
on the bed, which itself is strongly dependent on antecedent flow conditions. No 
formal attempt to reconcile this semantic uncertainty is made within this thesis, 
and therefore instead reference is largely made to µcoarse sediment¶, which is 
loosely associated with bed material, but primarily identified as consisting of the 
sediment fractions that are important in influencing channel morphology. 
  
Table 2.1 Classification of the sediment load carried by rivers (after Thorne et al., 1998) 
Sediment Source Transport Mechanism Measurement Method 
Bed material load 
Bed load 
Unmeasured load 
Suspended load 
Measured load 
Wash load 
 
The studies aiming to quantify global sediment yields introduced above 
tend to ignore the coarser products of catchment erosion within their estimates. 
Eroded coarse sediment is generally not transferred into the oceans, and is instead 
redistributed from areas of high relief to zones of lower relief, where it is retained 
in a form of temporary storage (Gomez, 1991). In fact, due to a combination of 
selective transport and particle attrition, coarse material transported as bed-load 
accounts for less than 10% of the sediment that is delivered to continental margins 
(Meade et al., 1990). However, coarse sediment transport is of great importance in 
shaping terrestrial landscapes (Gomez, 1991), largely because of the fact that it is 
generally not conveyed through to the oceans. Evidence of its importance is 
apparent in geological records, as a significant proportion of the geological column 
consists of material containing particles coarser than those transported primarily 
by suspension (Meade et al., 1990). It is because coarse sediment is transported 
less easily that it is more important in affecting the physical forms within river 
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catchments: it is temporarily stored as the material comprising river channel 
boundaries, whilst finer sediment fractions are generally transferred into the 
oceans. 
At the reach-scale, channel morphology is a reflection of the spatial pattern 
of coarse material movement (Dietrich and Smith, 1984; Meade, 1985; Ashworth 
and Ferguson, 1986; Lane and Richards, 1997). River channel morphology is 
controlled by the interplay between hydraulic conditions, the resistance of 
materials in the channel perimeter and the quantity and calibre of material 
delivered from upstream (Gomez, 1991). Since coarse material transport provides 
the major process linkage between these factors, prediction of likely contemporary 
and future river channel morphology requires an understanding of coarse sediment 
dynamics. 
River practitioners have recognised, if not fully understood, the importance 
of coarse sediment dynamics since the turn of the 20th Century. In fact, practical 
imperatives were largely responsible for the establishment of fluvial 
geomorphology as a recognised science. Clifford (2008) describes how, on the 8th 
'HFHPEHU  WKH &DOLIRUQLD 0LQHUV¶ $VVRFLDWLRQ SHWLWLRQHG WKH 3UHVLGHQW WR
launch an investigation into erosion and sedimentation in the Sacramento and San 
Joaquin valleys. Following complaints from farmers concerning river instability 
and flooding, the local hydraulic mining industry had been laid to waste when 
restraints on the discharge of material into navigable waterways were imposed in 
1884. An estimated $100,000,000 of property was left idle (Clifford, 2008). The 
miners were: 
 
...firmly convinced that by a rational application of the laws governing the 
deposition of sediment from torrential streams, the industries of hydraulic mining 
and agriculture can both be carried on in this region, not only without prejudice to 
each other but to their mutual advantage;..Whereas this question is primarily a 
geological one and can be solved only be geologists who have devoted their lives 
to the study of erosion and sedimentation... 
(Gilbert, 1917: 13) 
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The matter was subsequently investigated by Karl Grove Gilbert (1917) a 
geologist who pioneered the science of fluvial geomorphology by investigating 
how the delivery of sediment from hydraulic mining influenced river channel 
forms and processes. As a result of his studies, Gilbert (1917) argued in favour of 
WKHPLQHUV¶FDVHE\VKRZLQJWKDWWKLUW\\HDUVDIWHUWKHRULJLQDOSUREOHPVWKHULYHUs 
had readjusted to the enhanced sediment supply. 
Similarly, the European exponents of fluvial geomorphology were both 
driven by, and informed a practical need to understand how coarse sediment 
dynamics were impacted on by channel flows, and subsequently impacted on 
channel geometry. Progress in European fluvial geomorphology was particularly 
impelled by colonial engineering efforts. In India and Pakistan, the combined 
experiences of several generations of canal engineers resulted in the formulation 
and sucFHVVLYH UHILQHPHQW RI µUHJLPH WKHRU\¶ IRU DOOXYLDO FKDQQHOV (Clifford, 
2008). Based on their practical experience, it became clear to canal engineers that 
both slope and channel shape impacted upon the transfer of channel boundary 
sediment, and were therefore of direct significance to canal stability. 
In contemporary times, optimal utilisation of water resources involves 
balancing water, food and power supply with flood alleviation, navigation, 
recreation and conservation, which together necessitate planning considerations at 
the catchment-scale (Richards, 2004). The majority of catchment-scale 
management objectives are both strongly influenced by, and impact on the 
movement of coarse sediment. For example, attempts to control river flow using 
physical structures for power generation or water supply directly impede coarse 
sediment transfer so that the dams act as hinge points in a disrupted 
erosion/deposition system (Newson, 1992). Manipulation of the characteristics of 
catchment surface area for agriculture, urban development or forestry alters not 
only sediment yield directly, but also hydrological response which consequently 
affects the transport capacity of the river channel system (Henshaw, 2009). In turn, 
discontinuities in the natural transfer of coarse sediment through the fluvial system 
can increase flood risk (Lane et al., 2007), and nick-point progression as a result of 
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natural base-level level change can cause serious damage to land responsible for 
crop production (Simon, 1989). 
Along with catchment-scale management, significant interaction with 
individual river channels means that an understanding of how fluvial 
morphological dynamics operate at the reach-scale is vital. Both the channelisation 
of natural streams to improve navigability or accelerate the passage of flood peaks, 
and the construction of artificial channels for both irrigation and navigation require 
appropriate channel designs. Channel widths, depths and gradients must pass 
discharges at a velocity sufficient to maintain transport of sediment without silting, 
but not so excessive that bed and banks are eroded (Blench, 1957). More than 
8,500km of channelisation works were undertaken in England and Wales between 
1930 and 1980, with a figure for the United States of over 26,500km for a similar 
time period (Brookes, 1985). Channelisation efforts have historically ignored the 
wider context of catchment coarse sediment dynamics. For example, when the 
Blackwater River in Missouri, USA, was locally steepened from a gradient of 
0.0017 to 0.0031, the channelised reach developed a capacity to transport an 
amount of sediment far greater than that of its upstream or downstream 
neighbours. The resultant erosion in the channelised reach caused downstream 
aggradation to a depth of two metres in 60 years and a consequent increase in 
flooding (Emerson, 1971). Similarly, Brookes (1988) describes how the widening 
of British rivers, motivated by misguided attempts to increase flow-carrying 
capacity, encourages the deposition of sediment. This is because widening has the 
effect of reducing stream power per unit bed area and therefore sediment transport 
capacity, so that deposition occurs in the form of berms as the stream attempts to 
re-establish its own width (Brookes, 1988). 
Many historic, and indeed, contemporary approaches to river management 
XVHVLPSOLILHGPRGHOVRI IOXYLDOFRDUVHVHGLPHQWG\QDPLFVVXFKDV/DQH¶VVWDEOH
stream balance (Lane, 1955b) DQG 6FKXPP¶V ULYHU PHWDPRUSKRVLV (Schumm, 
1969) 7KH GHYHORSPHQW RI WKHVH DQG RWKHU µWRROV¶ will be explored in Section 
2.5. 
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The need for an understanding of coarse sediment dynamics within British 
river management has become imperative over recent decades due to a 
combination of: i) a shift in the way that contemporary society views human 
interaction with natural systems; and ii) anthropogenic and natural changes to the 
driving influences behind fluvial-sediment interactions. The next two sections 
examine how these two factors have heightened the importance of understanding 
coarse sediment dynamics within British river system management. Whilst this 
thesis is primarily focused on the implications of coarse sediment dynamics for the 
management of British rivers, due to a relative paucity in academic literature 
detailing British river management schemes, examples have often been drawn 
from elsewhere. 
 
2.2 Contemporary shifts within the management of British rivers 
2.2.1 River channel management ± from controlling, to working with, natural 
processes 
An increasing population within the British Isles, and many other nations, 
has led to severe demands being made on contemporary natural environments 
(Newson, 1992). Rivers are fundamental components of the environment and 
increasing developmental pressures, along with the antecedent influence of historic 
resource needs, have driven ever-rising levels of anthropogenic interaction with 
the fluvial environment. Whilst evidence of human management of British river 
channels, in the form of weir control structures for fishing, has been recorded from 
Anglo-Saxon times, it is from the industrial revolution in the eighteenth century 
onwards that human society has sought increasing demands from the fluvial 
system (Newson, 1992). Technological advances made during the industrial 
revolution unleashed the powerful notion that nature could be conquered and its 
resources utilised and exploited for the benefit of humanity (Downs and Gregory, 
2004). The founding statement of the Institute of Civil Engineers in 1830 
illustrates this ideological stance: ³WRKDUQHVVWKHJUHDWVRXUFHVRISRZHULQQDWXUH
for the use DQGFRQYHQLHQFHRIPDQ´ (cited in: Downs and Gregory, 2004). As a 
result, human activities progressively moved away from a traditional avoidance of 
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the near-river floodplain towards increased utilisation of river channels for 
navigation and power generation and an increased occupation of floodplains by 
settlements and industry. To facilitate this increased occupation, those responsible 
for river management attempted to eliminate the threat of flooding via the 
engineerinJRIULYHUFKDQQHOV,QIDFWXQWLOUHODWLYHO\UHFHQWO\%ULWDLQ¶VHQWLUHULYHU
management strategy was dominated by dam construction, channelisation and 
river diversions to satisfy power, navigation, and water supply requirements whilst 
attempting to prevent river flooding (Downs and Gregory, 2004). This tendency 
towards management approaches that stifle natural fluvial action has been 
characterised by the slogan ³WHFKQRORJ\FDQIL[LW´ (Leopold, 1977: 429).  
This management approach was neither wholly successful or sustainable. 
Due to its failure to accommodate the natural tendency for the river channel to 
evolve over time by eroding and transporting the coarse sediment comprising its 
boundaries, channelisation efforts have often been perceived to fail outright 
(Downs and Gregory, 2004). In fact, in many cases, adverse indirect reactions 
occurred, involving unforeseen river channel changes that were prompted by the 
RULJLQDO µVROXWLRQ¶7KH/RZHU0LVVLVVLSSL5LYHU86$ LVDFOHDU H[DPSOHRI WKH
problems that can result from a failure to consider coarse sediment dynamics 
ZLWKLQ DQ HQJLQHHULQJ µVROXWLRQ¶ 6WUDLJKWHQLQJ RI WKH ULYHU IRU QDYLJDWLRQDO DQG
flood protection purposes created steepened reaches with a high capacity for 
erosion, resulting in nick-point migration upstream along the main river channel 
and its tributaries (Smith and Winkley, 1996). Along with the problems that arose 
directly from excessive erosion upstream of the straightened reaches, the resultant 
overload of sediment delivered downstream choked the channel, disrupting its 
navigational function and flood conveyance capacity. All of these consequential 
issues have required further difficult river management decisions to be made by 
the authorities responsible for the Mississippi in order to both satisfy the needs of 
human activities along the river and avoid further disruption of the natural 
sediment system. Similar responses, although on a smaller scale, have been 
observed as a result of channelisation projects on British rivers where river 
managers failed to appreciate the natural dynamics of fluvial systems that result 
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from the transfer of the coarse sediment comprising channel boundaries. For 
example, in response to flooding problems in the lower reaches of Mimmshall 
Brook in Hertfordshire those responsible for river management in the 1950s 
performed a series of flood control measures (Sear, 1992). These measures 
included widening the channel and raising the banks with the excavated spoil. As a 
result of the consequent loss in transport capacity the channel has subsequently 
required maintenance dredging due to the accumulation of gravel shoals within the 
widened reach (Sear, 1992). Similarly, Brookes (1992) describes another example 
of this type of situation on the River Cherwell in Oxfordshire where, following an 
engineered ZLGHQLQJ LQ  WKDW GLG QRW WDNH LQWR DFFRXQW WKH FKDQQHO¶V ORZ
transport capacity, the channel reduced its low flow width through a 14 year period 
of continued deposition. In a study of the morphological consequences of river 
channelisation in England and Wales, Brookes (1985) found that downstream of 
high energy channelised reaches, channels typically underwent erosive adjustment 
because of an increase in flows exceeding a threshold for the erosion of coarse 
sediment.  
Partly as a consequence of the perceived failure of a river management 
strategy based on controlling the fluvial system, and partly because of increased 
environmental awareness, in recent decades river channel management has moved 
WRZDUGVDSKLORVRSK\RIµZRUNLQJZLWKWKHULYHUUDWKHUWKDQDJDLQVW LW¶ (Winkley, 
1972). This modern-day philosophy encourages approaches that are designed with 
consideration of the sediment dynamics operating within the reach, and catchment, 
in question. Using this philosophy, there has been a proliferation of projects to 
mitigate and enhance heavily managed river channels, with rivers that were 
previously straightened and re-sectioned returned to a state approximating their 
µQDWXUDO¶FRQGLWLRQ(Newson, 1992). In order to successfully facilitate this type of 
µQDWXUDO¶ ULYHU FKDQQHO UHVWRUDWLRQ LW LV FOHDU WKDW DQ DSSUHFLDWLRQ IRU WKH UROH RI
coarse sediment dynamics is necessary. Failure to account for coarse sediment 
transfer within contemporary river channel restoration projects will potentially 
lead to problems similar to those that resulted from the hard engineering 
approaches that they are intended WRµIL[¶ 
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Evidence for the importance of accounting for coarse sediment dynamics in 
river management can be found in the cost of maintaining the design channel 
GLPHQVLRQV RI %ULWLVK ULYHUV 7KH WHUP µFKDQQHO PDLQWHQDQFH¶ GHVFULEHV WKH
structural and dredging operations necessary to maintain a design channel shape 
because of excess deposition. The annual bill for coarse sediment related river 
maintenance carried out by all drainage authorities in the United Kingdom 
exceeded £20 million in 1995 (Sear et al., 1995). Therefore, river management 
approaches that are sympathetic to the natural sediment dynamics particular to the 
river in question are vital in minimising the economic cost of channel 
maintenance. If a channel design can effectively transport sediment with minimal 
net aggradation or degradation, then a potentially expensive post-project 
maintenance commitment becomes significantly less expensive, resulting in a 
more sustainable form of river management (Gardiner, 1998). For this to be 
achieved in British river management, an appreciation of catchment-scale coarse 
sediment dynamics is necessary. 
 
2.2.2 Flood risk management ± from containing floods to minimising flood risk 
Approaches that attempt to limit disruption and damage from flooding have 
changed significantly in recent years. In Britain, there has been a significant 
change in emphasis away from a strategy of flood defence, within which it was 
GHHPHGQHFHVVDU\WRDWWHPSWWRFRQWUROWKHULYHUV\VWHPWRZDUGVRQHRIµIORRGULVN
PDQDJHPHQW¶ ZKLFK UHFRJQLVHV WKDW PRUH µPDQDJHG IORRGLQJ¶ LV ERWK
economically pragmatic and essential to meeting goals for biodiversity and to 
sustain good ecological status in river and coastal systems (Thorne et al., 2007). 
This change in approach reflects both the future uncertainties in flood prediction 
arising from climate change, and recognition that continuing to rely on a 
progressive strengthening of flood defences is no longer tenable in the light of 
predicted future climate change and socio-economic development (DEFRA, 2005). 
As a result of this shift, it has become even more important to gain greater 
understanding of the process of fluvial flooding. 
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A river floods when main channel water levels are sufficient to exceed 
local bank height. Therefore, variation in flow magnitude is not the sole control 
over flood risk since river channel conveyance, the capacity of a river channel to 
contain a given discharge, also has an important part to play. A great deal of 
research has centred on the influences of both land management practices, such as 
land-use change, clear-cutting and urbanisation (O'Connell et al., 2005), and 
climate change (Cameron et al., 2000; Prudhomme et al., 2003) in influencing the 
magnitude and frequency of high-flow events. However, these studies are largely 
concerned with flow magnitude and not the conveyance of the channels 
themselves. Relatively little attention has been given to the important role of 
within-channel morphology for flood risk and inundation extent. 
Of the research that has focussed on the role of sediment dynamics within 
flood risk management, the results suggest that increased understanding of the 
movement and storage of sediment through the river system is needed. For 
example, on the Skokomish River, Washington State, USA, Stover and 
Montgomery (2001) used historical data series to show that, whilst flow 
magnitudes were either reducing slightly or not changing, there was evidence of 
significant flood stage increases associated with a given discharge. Similarly, 
Pinter and Heine (2005) used equal discharge analysis on the Lower Missouri river 
to show that, for given flow magnitudes, water stage levels have systematically 
risen over recent history. Discharges that were completely in-bank during the early 
part of the twentieth century were more recently found to lead to flood inundation, 
with the most extreme floods having a stage up to 3.7 metres higher than at the 
start of the record. Whilst reduced flow velocities resulting from increased flow 
resistance was found to be responsible for the increased stages at three of the five 
stations considered, Pinter and Heine (2005) found that at the remaining two 
stations the increased flood levels were due to constrictions in channel cross-
sectional area resulting from net sediment deposition. Within both of these USA-
based studies, the results demonstrate that within channel aggradation can cause 
reductions in channel conveyance that are significant enough to increase flood 
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risk. This emphasises the importance of considering the impact that coarse 
sediment dynamics have upon flood inundation.  
Lane et al. (1997) describe how the general lack of consideration for the 
role of morphological changes in British flood risk management may be due to the 
traditional view of sediment delivery as a local, temporary disturbance to 
equilibrium channel morphology. Within this conventional view it is thought that 
when excess sediment is delivered, within a relatively short time-span, the channel 
equilibrium capacity re-establishes itself through transport of that sediment 
downstream through the river system (Wolman and Gerson, 1977). However, this 
idealised viewpoint overlooks the capacity of fluvial processes to cause rapid 
aggradation or degradatioQRYHUVKRUWWLPHSHULRGVHYHQLQ%ULWDLQ¶VUHODWLYHO\ORZ
energy river systems. Through numerical simulations of flood inundation on a 
reach of the River Wharfe in Yorkshire, Lane et al. (1997) found that bed 
aggradation over a 15 month period reduced the conveyable bankfull discharge by 
6.1%. The associated increase in flood inundation during flood events 
demonstrated by Lane et al. (1997) illustrates the importance that coarse sediment 
dynamics can have for flood risk management.  
Rapid degradation might optimistically be viewed as agreeable for flood 
risk management purposes because the associated increase of channel cross-
section increases conveyance, lowering the water level for a given discharge. 
However, channel enlargement can also cause problems for flood risk 
management. In particular, channel bed degradation can undermine flood defence 
assets, reducing their effectiveness and increasing the risk of failure under load 
(Wallerstein and Soar, 2006).  
Further, along with the changes in channel cross-section geometry 
described above, increases in coarse sediment transport capacity can also influence 
bed material size: more competent flows progressively entrain coarser particles, 
increasing the average size present on the bed (Hey, 1979). For example, Ferguson 
and Ashworth (1991) describe how slope-driven changes in transport competence 
along the Allt Dubhaig in the Scottish Highlands caused dramatic changes in bed 
material size as a result of hydraulic sorting. Since (at least in rivers where bed 
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material size consists of gravels and cobbles) flow resistance is controlled 
predominantly by bed roughness (Manning, 1891; Strickler, 1923; Colebrook and 
White, 1937), variations in bed material size resulting from changes in coarse 
sediment dynamics consequently impact on flow stages. 
Modelling software programs currently used to predict flow stages for 
flood risk management, such as ISIS, generally treat the channel as a static conduit 
for the conveyance of water. Representations of channel geometry and flow 
resistance are kept constant over time, even when modelling flow events 
representative of future climatic scenarios. Clearly, if river channel morphology 
and flow resistance both change over time in response to coarse sediment 
dynamics, the application of a static channel condition when modelling future 
events will lead to significant uncertainty concerninJ WKH PRGHO¶V SUHGLFWLYH
capabilities.  
If the management of flooding within British rivers is to effectively shift 
from simply containing floods using engineered structures, to minimising the risk 
associated with flooding, then there needs to be an appreciation of the effects of 
coarse sediment dynamics. Failure to account for sediment may result in the 
destruction of existing flood defence infrastructure, reduction in conveyance of 
river channels, and erroneous strategic decisions based upon inaccurate predictions 
of future flood stages. 
 
2.2.3 River habitat restoration ± from neglecting to restoring river habitats 
Along with driving the move towards a risk-based approach to flood 
management, contemporary shifts in river management policy in Britain have also 
elHYDWHG WKH VWDWXV RI HFRORJ\ DQG WKH µULYHU KDELWDW¶ LQ WKH IOXYLDO HQYLURQPHQW
The main driver for this change has been an increase in the value that society 
attaches to the natural environment (Downs and Gregory, 2004). A general 
increase in environmental empathy has led to political recognition of the 
importance of improving the ecological status of British rivers, evidenced by the 
formation of the Environment Agency and development of the River Habitat 
Survey. More recently, international legislation, in the form of the European 
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8QLRQ¶V:DWHU)UDPHZRUN'LUHFWLYH(EU, 2000), has driven a major shift towards 
the consideration of ecological sensitivity in British river management. 
It is recognised that river sediment dynamics play an important role in 
determining the structure of both the river and its ecosystem (Harper and Everard, 
1998). Disruption to these dynamics can deliver potentially polluted sediments to 
rural floodplains and urban areas, and damage valuable aquatic, riparian and 
floodplain habitats (Thorne et al., 2004). The influence that sediment dynamics 
have on ecological quality can arise in two ways, both through the impact that 
excessive fine sediment delivery has on the health of in-stream biology, and also 
through the influence of degraded morphological structure on physical habitat 
quality and diversity.  
Hendry et al. (2003) described the first of these impacts, explaining how 
the increased sediment loads resulting from intensification of agricultural practices 
have had a deleterious impact upon river habitat in British rivers. Soulsby et al. 
(2001) further demonstrated this type of impact in their study of salmonid 
spawning on a reach of Newmills Burn, a small, canalised, lowland tributary of the 
River Don in Aberdeenshire. They found that, canalisation and intensive 
cultivation had seriously degraded the physical habitat in the lowland stream in 
comparison to conditions in undisturbed, upland tributaries. Of particular 
importance was infiltration of fine sediment into the open gravel matrices, which 
resulted in egg mortality rates as high as 86% in the Newmills Burn (Soulsby et 
al., 2001).  
Hendry et al. (2003) also identified that the landscape-scale land drainage 
performed to increase the area available for cultivation has profoundly impacted 
the ability of British watercourses to support salmonids. This happened because 
land drainage increased runoff and stream power, causing an increase in erosion, 
stream widening and instability that reduced physical habitat quality in many 
British rivers. An American example of this latter influence is described by 
Shields et al. (1998) who identified some of the major ecological impacts caused 
by sediment imbalance in the incised streams of the Yazoo Basin, Mississippi. 
There, fluvial instability caused rapid channel incision and widening, resulting in 
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reduced spatial habitat heterogeneity, accentuated flood peaks, reduced stream-
floodplain interaction, and the removal of low-velocity refugia.  
The importance of sediment dynamics to in-stream habitat creation is 
recognised by Rice et al. (2001) in their model demonstrating the effects that shifts 
in hydrology and sedimentology can have on the presence and absence of lotic 
fauna within river networks. As bed sediment character changes at tributary 
confluences and other sediment recruitment points, this influences physical habitat 
structure and, therefore, the longitudinal organisation of macroinvertebrate benthos 
(Rice et al., 2001).  
The transfer of coarse sediment within the fluvial system exerts an 
important influence over physical habitat structures within rivers which, in turn, 
are a key control over river ecology. It follows that successful improvement of in-
stream ecology depends on understanding coarse sediment dynamics within the 
fluvial system. Recognising this, Downs and Gregory (2004) argued that the 
restoration of natural sediment transfer regimes should be a priority when 
attempting to improve in-stream habitat and/or ecology. Downs and Gregory 
(2004) provide a template for river habitat restoration projects in the form of a 
hierarchy of management principles within which the preservation and restoration 
of natural flow regimes and coarse sediment transfer pathways rank above the 
creation of physical habitat structures, which in turn rank higher than the 
introduction of aquatic flora and fauna. This is because, for instance, attempts to 
UHVWRUHµQDWXUDO¶FKDQQHOKDELWDWDUHXQOLNHO\WREHVXVWDLQDEOHZLWKRXWDWWHQWLRQWR
the proper functioning of the coarse sediment transfer regime that interacts with 
fluvial processes and drives morphological adjustments. Similarly, restoring the 
riparian plant community in a highly channelised reach is unlikely to succeed 
unless sediment dynamics have already been addressed because the channel will 
lack the appropriate physical habitats (Downs and Gregory, 2004). In summary, 
without an appropriate understanding of the nature of coarse sediment transport in 
British rivers, many habitat restoration schemes are likely to be unsustainable. 
However, it must be noted that, despite the importance of physical stressors such 
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as sediment status, seemingly ideal physical conditions do not necessarily 
guarantee ecological richness and diversity (Ormerod, 2004). 
 
2.2.4 Integrated catchment management 
River basins are ideal planning units for integrated approaches to the 
management of natural resources and hazards because they are clearly bounded, 
physically functional, hierarchical in scale and culturally meaningful (Newson et 
al., 2000). Water resource provision, flood control, navigation, agricultural 
provision, recreation and erosion control each require careful management in 
British river catchments. Dealing with each of these resource demands separately 
is not only inefficient, but also potentially self defeating since they are inter-linked 
and, therefore, frequently either align or conflict with each other. Consequently, 
since the end of the nineteenth century, there have been increased efforts to move 
towards integrated catchment management. However, despite this, a review of 21 
GLIIHUHQW DSSURDFKHV WR µLQWHJUDWHG EDVLQ PDQDJHPHQW¶ E\ 'RZQV et al. (1991) 
demonstrated that consideration of the morpho-dynamics of the fluvial system was 
missing from the majority. Clearly, the processes mobilising coarse sediment and 
the consequent temporal modifications of channel morphology are important 
components of the fluvial system. The transfer of coarse sediment through river 
catchments also has important implications for: water resource provision (through 
reservoir sedimentation); flood control (through reduction in channel conveyance 
capacity due to siltation); navigation (through the development of in-channel 
depositional features); and erosion control (through channel scour). In turn, aspects 
of catchment management are important for the transfer of coarse sediment in 
British rivers (Walling, 1999). Activities such as mineral extraction, cultivation, 
urbanisation, afforestation and deforestation have been shown to affect the 
intensity and spatial distribution of erosion and sedimentation in catchments, often 
modifying sediment yields and instigating both up- and down-stream 
morphological responses. Because of this interaction, it has been argued that 
coarse sediment dynamics should be directly considered within any truly 
integrated catchment management approach (Brookes, 1995). 
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The bodies responsible for the management of British river catchments 
have recently begun to recognise the importance of coarse sediment dynamics 
within integrated catchment management approaches. This is demonstrated clearly 
LQ WKH (QYLURQPHQW $JHQF\¶V &DWFKPHQW )ORRG 0DQDJHPHQW 3ODQV &)03V
which, ³FRQVLGHU VHGLPHQW G\QDPLFV«EHFDXVH PDLQWDLQLQJ KRZ WKHVH SURFHVVHV
function throughout the catchment is critical to achieving both sustainable flood 
risk management, and a diverse and healthy river in terms of habitats and 
HFRORJ\´ (EA, 2008: 41). Policies are now in place which provide the strategic 
framework necessary to incorporate geomorphology into integrated catchment 
management. Indeed, much of the activity and input from geomorphology is now 
directed towards the strategic planning and management of rivers, along with the 
inputs into river engineering (Hooke, 1999). Despite increased recognition of the 
importance of geomorphology and sediment dynamics to integrated catchment 
management, tangible evidence of geomorphological analysis within strategies 
such as CFMPs remains limited. As such, treatment of coarse sediment dynamics 
within British integrated catchment management is in a paradoxical state whereby 
sediment dynamics are acknowledged as being of vital importance, though 
practical consideration for them is limited (Lewin and Longfield, 2010). This state 
of affairs reflects a combination of limited budgets and the relatively high expense 
of applying existing tools for analysing sediment dynamics at the catchment-scale 
- issues explored further in Chapter Three.  
 
2.3 Contemporary shifts in catchment process drivers 
Alongside recent shifts in the manner in which responsible bodies view 
their duty to manage catchments and river environments, there have also been 
important changes to the key drivers controlling the fluvial system, notably 
catchment land-use and climate. Changes to these drivers are predicted to continue 
into the foreseeable future, and may drastically influence catchment sediment 
dynamics (Lane and Thorne, 2006). These changes: past, present and predicted, 
have heightened the need to understand, and to predict, coarse sediment dynamics 
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in river systems so that future catchment management strategies can be determined 
appropriately.  
 
2.3.1 Climate change 
One of the key elements affecting the hydrological, and consequent 
geomorphic response, of a catchment is climate. Relatively modest climatic 
changes can trigger major episodes of fluvial adjustment (Coulthard et al., 2005). 
Consequently, forecasted global climate change scenarios that predict an increased 
frequency of heavy rainfall and rising sea-level could have major implications for 
coarse sediment dynamics. Changes in the amount, seasonality and intensity of 
precipitation will result in changes in channel flow characteristics which, in turn, 
will impact coarse sediment transfer. Although there is uncertainty concerning 
how changes in precipitation covert to changes in flood hydrology, observations 
that both: i) rainfall intensity; and ii) the frequency of high intensity rainfall have 
increased in Britain, mean that river management agencies must take note of the 
impact that predicted climate change may have on coarse sediment dynamics 
(Lane et al., 2007).  
Reid et al. (2007) applied predicted climate change scenarios to a coupled 
hydrology-sediment delivery model. They found that, by the 2080s, predicted 
changes in climate may increase sediment delivery from a sub-catchment of the 
River Wharfe by between 28% and 68% depending on the precipitation scenario 
selected. This modelling emphasises that coarse sediment dynamics in British 
rivers are likely to be strongly affected by predicted climate change because of 
increased erosive power of run-off in the headwaters delivering higher quantities 
of sediment downstream through the catchment. In the light of these findings, tools 
for understanding and predicting catchment-scale coarse sediment dynamics are 
important in planning adaptations to future climatic change. 
 
2.3.2 Land use change 
Over the last 2000 years, human activity in Britain has had an increasing 
influence on the manner in which drainage basins respond to hydrological inputs. 
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In fact, Knighton (1999) argues that this human modification of the physical 
environment may have induced changes similar in scale to those produced by large 
climatic changes in the distant past. Results from erosion plots and catchment 
experiments in many different areas of the world have shown that land use change 
can have significant effects on both erosion rates and the sediment yield of rivers 
(Walling, 1999). Vegetation cover is an important control on both catchment 
hydrology and sediment and is extremely susceptible to human disturbance. A 
long history of forest clearance for agricultural land use in Britain has led to 
accelerated soil erosion on hill-slopes and a consequent increase in the amount of 
sediment supplied to streams, dramatically influencing the sediment dynamics of 
British rivers (Henshaw, 2009). 
At the beginning of the twentieth century, the United Kingdom Forestry 
Commission was established with the remit to plant fast-growing non-indigenous 
conifers, both to provide a national timber resource and to protect upland 
catchments from pollution and soil erosion. However, in order to provide open 
drainage ditches for the planted trees the natural surface vegetation was cleared. 
This removal of natural protection exposed the vulnerable material beneath and 
resulted in significant erosion and increased delivery of sediment into the fluvial 
system (Newson, 1980; Leeks and Marks, 1997).  
A further disruption to sediment yields in recent years has resulted from 
agricultural intensification which has produced a large increase in the stocking 
density of grazing animals (Henshaw, 2009). Research in the Afon Einon test 
catchment in the upper reaches of the Severn basin has revealed that intensively 
grazed soils become less permeable through top soil compaction, drastically 
altering the hydrograph of the river system. Preliminary results have shown this to 
have significant impacts on sediment transfer through the catchment, emphasising 
the importance that land-use changes have, not only on sediment delivery to river 
FKDQQHOVEXWDOVRRQWKHULYHU¶VFDSDFLW\WRWUDQVSRUWFRDUVHVHGLPHQW (Henshaw, 
2009). 
Alongside these agriculturally-based land use changes, the effects of 
continually rising levels of urbanisation within Britain on catchment hydrology 
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also have important geomorphological impacts. For example, from an extensive 
survey of urbanised catchments in Britain, Roberts (1989) identified that, on 
average, channels were enlarged by a factor of 1.61 in response to the increased 
frequency and magnitude of flood discharges resulting from urbanisation. 
The impact that catchment land use changes have had, and will likely 
continue to have, on coarse sediment dynamics increases the potential for British 
river systems to experience significant sediment management issues. A variety of 
academic studies have indicated that, as a result of land use change, there is a trend 
towards catchments experiencing increased sediment delivery to channels and an 
accelerated hydrological response, resulting in increased transfer of sediment loads 
throughout impacted river systems (Newson, 1980; Roberts, 1989; Leeks and 
Marks, 1997; Walling, 1999; Henshaw, 2009). It is imperative that the managers 
of British rivers have a means of assessing coarse sediment transfer at the 
catchment-scale in order to deal effectively with these changing systems. 
A further argument made by Lane et al. (2007) is that the two 
contemporary driver changes identified above may interact. Specifically, shifts in 
land management practices have the potential to sensitise river basins to the effects 
of climate change. Indeed, Macklin and Lewin (2003) identified that, as a result of 
historical land use change from woodland to agricultural grassland, British river 
basins are now more sensitive to climatic fluctuations than they were previously. 
This is supported by the modelling efforts of Coulthard and Macklin (2001) who, 
using the cellular landscape evolution model CAESAR, have demonstrated that 
there is a strong, non-linear interaction between climate change and historical land 
use changes and how they impact on sediment dynamics in river catchments. 
Therefore, given the potentially dramatic impacts that the combined effect of 
future land use and climate changes may have on the sediment dynamics of British 
rivers, it seems prudent that catchment managers have tools appropriate for 
assessing coarse material transport and transfer in the fluvial system. 
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2.4 A role for fluvial geomorphology: the importance of understanding coarse 
sediment dynamics at the catchment-scale 
As identified above, engineering works and management actions that fail to 
account for sediment dynamics risk disrupting sediment transfer in the fluvial 
system, triggering new patterns of erosion and sedimentation that require increased 
maintenance, further engineering interventions, or both, resulting in adverse 
environmental consequences. Also, sediment impacts associated with channel 
instability are seldom confined to the disturbed reach but often extend throughout 
the river network in both the up- and downstream directions (Simon, 1989). For 
example, destabilisation of adjacent downstream reaches can occur through 
siltation due to the transmission of additional sediment, whilst upstream reaches 
may be affected by nick-point migration as the system adjusts towards an 
equilibrium long-profile (Hey, 1979; Simon, 1989). Darby and Thorne (1992) 
described how channelisation of the Mimmshall Brook, Hertfordshire started a 
process of nick-point migration upstream of the managed reach, causing bed 
degradation and increases in bank height, the sediment delivery from which 
subsequently led to the infilling of swallow holes downstream of the managed 
reach. Connectivity within the fluvial system means that morphological responses 
to any system inputs at any given location can be transmitted over long distances. 
Therefore, within river channel design it is necessary to use catchment-wide 
approaches to underpin effective regional sediment management.  
As a result of the contemporary changes described above, the importance 
of accounting for coarse sediment dynamics within river management has become 
increasingly recognised within the river management literature. A review of papers 
published over the last two decades produced an extensive collection of articles 
that identify links between coarse sediment dynamics and river management. A 
selection of these articles is detailed in Table 2.2. As described earlier in this 
chapter, and as is evident from Table 2.2, the relationship between coarse sediment 
dynamics and human activities has a two-way causal linkage: coarse sediment 
dynamics can have impacts that are of concern to those managing the fluvial 
environment (Gilvear, 1999; Hooke, 1999; Newson and Newson, 2000; Kondolf et 
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al., 2001; Stover and Montgomery, 2001; Thorne et al., 2004; Gob et al., 2005; 
Lane et al., 2006; Newson and Large, 2006; Eyquem, 2007; Lane et al., 2007; 
Baldigo and Warren, 2008; Raven et al., 2009; Vaughan et al., 2009; Miller and 
Kochel, 2010); while river management actions can perturb the transfer of 
sediment through the fluvial system (James, 1999; Schmidt et al., 2001; Stott and 
Mount, 2004; Downward and Skinner, 2005; Harmar et al., 2005; Hudson et al., 
2008; Wishart et al., 2008; Burroughs et al., 2009; Ronco et al., 2010). In practice, 
human interventions can have such a dramatic impact on coarse sediment 
dynamics that the resultant response in the fluvial system forces further 
management actions to be taken (Hudson et al., 2008). 
Evidence of the increased importance of sediment related problems within 
river management can be found by analysing recent trends in academic 
publications. Analysis of journal articles published over the last two decades 
VKRZV WKDW ZKLOH WKH QXPEHU RI MRXUQDO DUWLFOHV UHODWHG WR µULYHU PDQDJHPHQW¶
increased by a factor of ~15 between 1991 and 2009, the number of journal 
articlHVUHODWHGWRµULYHUVHGLPHQWPDQDJHPHQW¶LQFUHDVHGE\DIDFWRURIaGXULQJ
the same period (Figure 2.1). These results indicate a trend for sediment-related 
concerns becoming a higher priority within academic studies of river management. 
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Table 2.2 Examples of academic journal articles documenting the relevance of coarse sediment dynamics within river management 
Reference Key Issue Findings 
(Gilvear, 1999) Importance of coarse sediment dynamics within engineering projects 
Application of geomorphological principles should be pro-active rather than reactive within all types of river 
engineering project. 
(Hooke, 1999) 
Importance of coarse sediment 
dynamics within engineering projects 
Coarse sediment dynamics increasingly represented within river management policy and practice in the UK, but 
recent developments in the appreciation of complexity and feedbacks within geomorphology still require 
integration. 
(James, 1999) Impact of hydraulic mining on coarse 
sediment dynamics 
Historic hydraulic mining has had both an immediate and long-term impact upon channel morphology and stage-
discharge relations on a collection of rivers in Sierra Nevada. 
(Newson and 
Newson, 2000) 
Importance of coarse sediment 
dynamics for habitat 
Spatial pattern of biology in river channels is dependent on longitudinal zonation and physical biotopes driven by 
coarse sediment dynamics. 
(Kondolf et al., 
2001) 
Importance of coarse sediment 
dynamics within restoration projects 
River restoration project in California failed because of a failure to appreciate the processes that determine channel 
form, notably coarse sediment dynamics. 
(Schmidt et al., 
2001) 
Impact of dam release flows on coarse 
sediment dynamics 
Relatively large controlled flood within the impoundment regime on the River Colorado re-worked sediment 
comprising channel boundary, temporarily increasing habitat diversity. 
(Stover and 
Montgomery, 2001) 
Importance of coarse sediment 
dynamics for flood risk management 
Progressive reduction of channel conveyance indicated that increased flooding on the River Skokomish, 
Washington resulted from aggradation without an increase in peak discharges. 
(Stott and Mount, 
2004) 
Impact of land-use change on coarse 
sediment dynamics 
Coniferous forest plantation generates downstream waves in coarse sediment. These waves are thought to be 
responsible for channel instability in lowland reaches of afforested UK catchments. 
(Thorne et al., 
2004) 
Importance of coarse sediment 
dynamics for flood risk management 
Improvements were made to the flood defence infrastructure of the Hawkcombe Stream by accounting for coarse 
sediment dynamics using a qualitative fluvial audit and 1-D modelling of flow and sediment with ISIS Sediment. 
(Downward and 
Skinner, 2005) 
Impact of mills on coarse sediment 
dynamics 
Failure of unmaintained mill structures in UK rivers can lead to a local increase in bed slope that causes the 
upstream migration of a nick-point. 
(Gob et al., 2005) Importance of coarse sediment dynamics on for flood risk management 
Attempts to increase river channel conveyance via an intensive dredging regime on the River Semois in Belgium 
had limited impact due to rapid infilling of the channel with coarse sediment transported from upstream. 
(Harmar et al., 
2005) 
Impact of channelisation on coarse 
sediment dynamics 
Local steepening of the long profile of the Lower Mississippi River impacted coarse sediment dynamics, which, 
because of planform containment, resulted in phases of aggradation and degradation and changes in cross-
sectional form. 
(Lane et al., 2006) 
Importance of coarse sediment 
dynamics for flood risk management 
Modelled increases in coarse sediment transfer in the River Wharfe resulting from changes in precipitation 
associated with climate change cause sedimentation that has a greater impact on flood inundation than the 
predicted changes in hydrology.  
(Newson and 
Large, 2006) 
Importance of coarse sediment 
dynamics for habitat 
*HRPRUSKRORJLFDOFRQGLWLRQGULYHQE\FRDUVHVHGLPHQWG\QDPLFVSOD\VDQLPSRUWDQWUROHZLWKLQWKHµQDWXUDO
KHDOWK¶RIULYHUV\VWHPVWKDWWKH(8¶V:DWHU)UDPHZRUNDirective is aiming to improve. 
(Eyquem, 2007) 
Importance of coarse sediment 
dynamics for catchment-scale 
management 
Coarse sediment dynamics link the physical function of the river to its ecological status. As a result, fluvial 
geomorphology can be successfully applied to inform river basin management. 
(Lane et al., 2007) Importance of coarse sediment 16 months of measured in-channel sedimentation in an upland gravel-bed river cause about half of the increase in 
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dynamics for flood risk management inundation extent that was simulated to arise from 50 years of climate change. 
(Baldigo and 
Warren, 2008) 
Importance of coarse sediment 
dynamics for habitat 
A restoration design that took into account coarse sediment dynamics and converted channelised rivers in the 
Catsgill Mountains, New York into naturally functioning rivers resulted in community richness and biomass 
increasing by more than one-third. 
(Hudson et al., 
2008) 
Impact of channelisation on coarse 
sediment dynamics 
Flood management on the Lower Mississippi and Rhine rivers initiated positive feedbacks with unintended 
geomorphic consequences for coarse sediment dynamics that require further management options to minimize 
flood risk. 
(Wishart et al., 
2008) 
Impact of gravel extraction on coarse 
sediment dynamics 
Gravel extraction from the River Wear causes a local disturbance to coarse sediment dynamic and can result in 
knick-point incision. Management strategies to prevent incision merely maintain the disturbance, and delay the 
inevitable morphological adjustment. 
(Burroughs et al., 
2009) 
Impact of dam removal on coarse 
sediment dynamics 
Following the removal of a dam from the Pine River in Michigan, sediment fill incision resulted in a narrower and 
deeper channel upstream, with higher mean water velocity and somewhat coarser substrates. Downstream 
deposition resulted in a wider and shallower channel, with little change in substrate size composition. 
(Raven et al., 2009) 
Importance of coarse sediment 
dynamics for flood risk management 
Over a six-year monitoring period, the mean bed level in the Upper Wharfe rose by 0.17 m with a maximum bed 
level rise of 0.5 m noted at one location over a five month winter period. These rapid levels of aggradation have a 
profound impact on the number and duration of overbank flows with flood frequency increasing on average 2.6 
times and overbank flow time increasing by 12.8 hours. 
(Vaughan et al., 
2009) 
Importance of coarse sediment 
dynamics for habitat 
A major research priority is to identify pattern among organisms, ecological functions and river 
hydromorphological character in order to understand the ecological importance of hydromorphology as prescribed 
E\WKH(8¶V:DWHU)UDPHZRUN'LUHFWLYH 
(Miller and Kochel, 
2010) 
Importance of coarse sediment 
dynamics within restoration projects 
Restoration of river channels in North Caroline without properly accounting for coarse sediment dynamics resulted 
in large post-construction adjustments within highly dynamic stream channels characterised by a combination of 
high sediment transport capacity, large sediment supply, and/or easily eroded bank materials. 
(Ronco et al., 2010) Impact of dam construction on coarse 
sediment dynamics 
Construction of a dam on the Lower Zambezi River inhibited coarse sediment transfer to the lower reaches of the 
river system, causing a temporary erosion of its delta. 
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Figure 2.1 Web of Science citation reports containing the number of articles published 
each year from 1991 to 2010 withLQ WKH WRSLFV $ µULYHUPDQDJHPHQW¶DQG % µULYHU
VHGLPHQWPDQDJHPHQW¶7DNHQIURP,6,:HERI.QRZOHGJH 10th April 2010. 
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This trend is both a reflection of, and reflected by the policies set out by the 
agencies responsible for the strategic management of British rivers. Sediment-
related management has been becoming increasingly recognised within these 
authorities and, during the past three decades, application of the principles of 
fluvial geomorphology has been recognised as a vital component for effective 
river management in Britain (Brookes, 1995; Hooke, 1999). The Environment 
Agency (1998) set out a coherent approach to the application of fluvial 
geomorphological principles to river management. Their framework involves a 
sequential decrease in spatial scale through the initial stages of a river study 
ZKHUHE\ D µFDWFKPHQW EDVHOLQH VXUYH\¶ DQG SURMHFW OHYHO µIOXYLDO DXGLW¶ DUH
performed first, to provide the information necessary to classify the river system in 
terms of spatial influences and temporal changes, and to prioritise reaches for 
further investigation (Sear et al., 2010). These studies attempt to address the nature 
of instability within the system prior to undertaking a more detailed 
geomorphological assessment of the flow and sediment regime supplying the 
project reach and identifying site constraints which would influence the final 
design. 
It is considered here that these trends in the representation of sediment-
related issues by both academics and policy makers is a direct result of those 
changing management attitudes and process drivers explored in Sections 2.2 and 
2.3. Yet, despite the recent increase in recognition for the importance of fluvial 
geomorphological principles in river management, further advances are necessary. 
Thorne et al. (2004) identified how operational research is urgently required to 
develop analytical tools capable of identifying reaches vulnerable to 
morphological destabilisation in order to provide the basis for river management 
that is pro-active rather than responsive. They demonstrated an example of this 
pro-active consideration for morphological response in the redesigning of a flood 
management scheme on the Hawkcombe Stream in Somerset. In this case, the key 
issue that needed to be addressed was sedimentation in a culvert beneath the 
settlement of Porlock, reducing the standard of flood defence. To adequately 
account for sediment dynamics within the system, a sediment transport analysis 
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was performed using both qualitative and quantitative elements. The combination 
of these tools enabled modelled predictions of sediment processes through the 
reach for various scenarios so that informed decisions regarding the most 
appropriate management option for the stream could be made (Thorne et al., 
2004).  
This type of pro-active consideration for coarse sediment dynamics is 
necessary for effective river management. Given the contemporary shifts in both 
river management paradigms and catchment process drivers explored above, it is 
vital that scientifically robust and practically useful tools that account for coarse 
sediment dynamics at the catchment-scale are available. However, despite fluvial 
geomorphology now being formally incorporated into strategic planning 
frameworks (Hooke, 1999), there is still limited substantive analysis of coarse 
sediment dynamics within British river management. Treatment of coarse 
sediment dynamics within British integrated catchment management is in a 
transitional state whereby it is acknowledged as being of vital importance, and yet 
practical consideration for it is limited. It is thought that the primary cause of this 
condition is that existing tools either lack scientific credibility or the practical 
utility necessary to meet most management needs. It is considered here that the 
main factor limiting the application of most existing approaches is non-availability 
of the data necessary to apply them at the catchment-scale. Both the availability of 
data on British rivers; and the strengths and limitations of the existing approaches 
are explored further in the next chapter, in order first to confirm the validity of this 
hypothesis and second to inform the development of a new approach that accounts 
for catchment-scale coarse sediment dynamics. However, before any thought is 
given to the development of new approaches, due consideration must be given to 
past research. Therefore, to provide a grounding for the theoretical issues 
addressed within this thesis, the remainder of this chapter will review past strands 
of research that have contributed to our current understanding of how coarse 
sediment dynamics influence river channel morphology. 
 
  
38 
2.5 A review of attempts to explain the influence that coarse sediment 
dynamics have on river channel morphology 
2.5.1 Introduction ± a brief retrospective on explanatory approaches within 
fluvial geomorphology 
 
The insights gained by closely examining our past can provide the most 
enlightening view of our present and our science 
(Richards, 1995: 123) 
 
Contemporary attempts to understand and explain coarse sediment 
dynamics in natural river systems are contained within the field of fluvial 
geomorphology, which is broadly defined as the study of the interactions between 
river channel forms and processes (Charlton, 2008). Whilst early treatment of the 
subject matter now addressed by fluvial geomorphology was undertaken by a 
mixture of geologists, engineers and potomologists, for the purposes of this review 
these scientists will be referred to as fluvial geomorphologists. Understanding how 
fluvial geomorphologists have previously attempted to understand coarse sediment 
dynamics provides a useful background for the satisfaction of the aims of this 
thesis as history can be used to ³IXUQLVK FRQWH[WDQGSHUVSHFWLYH IRU WKHFXUUHQW
VWDWXVRIDQDFDGHPLFGLVFLSOLQH´(Sack, 2002: 318). 
 The discipline of geomorphology grew out of the 19th century quest to 
understand the history of Earth and resulted in the earliest geomorphological 
models hypothesising how landscapes might generally evolve by erosional 
development (Chorley et al., 1964). This initial mode of explanation, which is 
indelibly linked to the work of William Morris Davis, focused on progressive 
changes in the landscape through time and is usually described as the evolutionary 
approach to geomorphology (Chorley et al., 1973). 
However, a small number of fluvial geomorphologists, working at a similar 
time to Davis, were pursuing systematic, physically-based studies of the processes 
at work in the landscape, either as fundamental research or in pursuit of practical 
ends. The findings of these earth scientists were largely dismissed by those 
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following the more established, evolutionary approach to geomorphology. 
Tensions between the two schools of thought are characterised by one particular 
exchange between Davis, and Exner, a Viennese physicist who had published 
experiments on the forced meandering of a stream in a sand flume (Clifford, 
2008) 'DYLV GLVSXWHG ([QHU¶V DQDORJ\ EHWZHHQ D PHDQGHULQJ VWUHDP DQG D EDOO
rolling down an inclined trough of concave cross section. Exner, in reply, was: 
³«VRUU\ WKDW he does not perceive the differences between vague and general 
NQRZOHGJHDQGPDWKHPDWLFDO H[SUHVVLRQVZKLFK JLYHTXDOLWDWLYH UHVXOWV´ (1924: 
504; cited in Clifford, 2008). This debate reveals the incongruity between the 
rising use of laboratory science, through which generality was achieved through 
controlled experimentation underpinned by simplified physical analogies, and the 
then dominant evolutionary approach, according to which the complexities 
inherent to landforms and landscapes had to be addressed and explained by 
deductive ingenuity. Arguably, the most prominent among the new physically 
process-based scientists was the American geologist Grove Karl Gilbert. Whilst 
his approach to fluvial geomorphology did not prevail within his own generation, 
the functional approach it pioneered is recognised as the precursor to approaches 
adopted during the second half of the 20th century (Church, 2010). 
It was recognised by some fluvial geomorphologists (including Gilbert) 
that a purely empirical approximation of the processes responsible for shaping the 
EDUWK¶VVXUIDFHZDVLQDSSURSULDWH(Clifford, 2008). This realisation saw the rise of 
systematic analytical representations of the alluvial channel systems that 
attempted to represent theoretical understandings of the fluvial system within sets 
of limiting differential equations. 
In contrast to those attempting theoretically-based, analytical 
representations of the alluvial system, an essentially empirical alternative to the 
*LOEHUWLDQOLQHRIUHDVRQLQJZDV.HQQHG\¶V (1895 cited in Clifford, 2008) theory 
and practice of stable canal design. Large scale and highly bureaucratised civil 
water works in India had created a huge natural data-producing laboratory 
(Blench, 1957). Regime theory developed through experience gained from 
successive attempts to design stable irrigation canals in the Indian sub-continent 
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that OHGWRTXDQWLWDWLYHEXWHVVHQWLDOO\HPSLULFDOµODZV¶RIFKDQQHOVHOI-formation 
(Clifford, 2008). 
While regime channels were designed and built by British engineers, 
American canals were concurrently being designed as threshold channels based on 
the tractive force theory for sediment entrainment. This treatment of coarse 
sediment dynamics differs from regime theory in that it attempts to avoid the 
possibility of problems associated with scour and siltation encountered in canals 
with mobile boundaries by ensuring that the forces exerted on the bed and banks 
never exceeded the values necessary for entrainment. 
7KH UHOHDVH RI µ+\GUDXOLF *HRPHWU\ RI 6WUHDP &KDQQHOV DQG VRPH
3K\VLRJUDSKLF,PSOLFDWLRQV¶ (Leopold and Maddock, 1953) heralded functionalist 
approaches as a means of explanation within fluvial geomorphology. It 
represented as much a strategic document aimed at changing the philosophy and 
practice of an academic discipline as it did a technical contribution to the literature 
on water resources (Clifford, 2008). Whilst it was largely informed by the regime 
theory developed and applied to canal design, it was firmly rooted in the field of 
fluvial geomorphology, in that it attempted to understand the processes controlling 
natural channel form. Nevertheless, the authors distanced themselves from the 
preceding evolutionary approach of fluvial geomorphology of W. M. Davis, 
commenting that this, ³«FODVVLFDOO\ WUHDWHG DOPRVW H[FOXVLYHO\ LQ D TXDOLWDWLYH
PDQQHU«VXSSRUWHGE\LQWULFDWHO\GHYHORSHGJHQHUDODUJXPHQWVUDWKHUWKDQILHOG
GDWD´ and explaining that ³«LWZRXOGEHGHVLUDEOHWRDQDO\]HVRPHRIWKHFRQFHSWV
TXDQWLWDWLYHO\´ (Leopold and Maddock, 1953: 1). In fact, the concepts expounded 
by Leopold and Maddock, and later built on by Leopold et al. (1964) so dominated 
thinking at the time that they were deemed by many to mark the final passage into 
the modern era of fluvial geomorphology (Petts, 1995). This moGHUQHUD¶s basic 
WHQHW ZDV URRWHG LQ *LOEHUW¶V  IXQFWLRQDOLVW FRQFHSW RI µG\QDPLF
HTXLOLEULXP¶ D FRQGLWLRQ LQ ZKLFK ODQGIRUPV DUH DGDSWHG WR WKH GRPLQDQW
exogenous forcing so that form is maintained through time (Hack, 1960).  
A focus on the forms and processes responsible for dynamic equilibrium 
led to geomorphological thinking becoming predominantly concerned with 
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decennial to centennial time-scales , within which the state of the alluvial system 
remained relatively steady (Church, 2010). A number of key publications by 
Stanley A. Schumm and others helped to refine this generally accepted notion of 
ODQGVFDSHVWDELOLW\6FKXPP¶V Fluvial System (1977) included an appreciation for 
thresholds and dynamically metastable states and made important contributions to 
the understanding of the time-scales over which different geomorphological 
processes dominate landform stability and evolution. 
However, challenges to the concept of dynamic equilibrium in fluvial 
geomorphology began during the 1980s, gathering momentum in the 1990s 
(Church, 2010). These challenges spring from advances that are both conceptual 
and technological. Major influences include (i) improved technologies for remote 
sensing and surveying of forms and features at the (DUWK¶VVXUIDFe; (ii) the advent 
of computers and of massive computational power; and (iii) important 
developments of absolute dating techniques (Church, 2010). These technical 
innovations have enabled new generations of analytically-minded researchers to 
gather large datasets and manipulate them in ways previously unimaginable, 
stimulated by substantive past and contemporary development of central 
importance to the discipline, including, for example, demonstration of the 
importance of non-linearity in relationships between fluvial forms and processes. 
As a result, many fluvial geomorphologists are now concerned with understanding 
the impacts of complex, non-linear dynamics ZLWKLQ6FKXPP¶Vfluvial system. 
In the 21st century, the wide availability of considerable computational 
power in desk-top computers, together with easy access to data via the world-wide 
web, has made computation beyond the level of simple analytical calculations a 
natural extension of everyday thinking about problems in fluvial geomorphology. 
This technological advance has enabled geomorphologists to construct 
computational models of geomorphological systems ± models that begin to 
encompass some of the actual complexity of real landscapes recognised by 
dynamic systems theory and to allow hypotheses concerning fluvial processes and 
landscape development to be tested not only rigorously but also routinely.  
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The remainder of this section (Section 2.5) considers how each of the 
historical modes of explanation developed within fluvial geomorphology 
accounted for the impact of coarse sediment dynamics on river channel form. The 
primary aim of this exercise is to inform development of a new approach for 
accounting for catchment-scale coarse sediment dynamics. Examples of the 
interrelationships explained by each mode of explanation are used to illustrate 
first, the spatio-temporal scale and, second, the level of complexity at which the 
influence of coarse sediment dynamics on channel morphology were represented. 
 
2.5.2 The evolution of landforms 
William Morris 'DYLV¶V µJHRJUDSKLFDOF\FOH¶(1899 cited in Chorley et al., 
1973) was the first modern theory of landscape evolution. It assumed that uplift 
takes place relatively quickly and then geomorphic processes, without further 
complications from tectonic movements, gradually wear down the raised 
topography. As a result of this denudation, Davis claimed that slopes within 
landscapes decline through time, reducing topographic features little by little. 
Eventually, a final extensive flat region close to base level is formed, referred to as 
D µSHQHSODLQ¶ (Davis, 1902 cited in Chorley et al., 1973). Davis interpreted this 
reduction process as forming a time sequence of landforms that progress through 
the stages of youth, maturity and old age. 
'DYLV¶V cycle of erosion was concerned primarily with processes operating 
RYHU µJHRORJLFDO¶ time-scales, during which specific alluvial channel forms were 
considered to be indeterminate (Schumm and Lichty, 1965). Time, geology and 
climate were considered to be the independent, controlling variables that 
influenced vegetation, palaeo-hydrology and, importantly, relief. In turn, palaeo-
hydrology and relief influenced valley dimensions. At the time-scales considered 
in the geographical cycle, little can be discerned regarding the processes 
responsible for sediment erosion, transfer and deposition within the fluvial system, 
or the morphologies that sediment dynamics generate. In fact, one of DavLV¶V most 
faithful supporters, Nigel Fenneman, stated that: 
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...the cycle itself is not a physical process but a philosophical conception. It 
contemplates erosion in one of its aspects, that of changing form. But erosion does 
not always and everywhere present this aspect... 
(Fenneman, 1936: 92; cited in: Chorley et al., 1973) 
 
This quote articulates that 'DYLV¶V theoretical model of landscape evolution 
did not seek specifically to explain the processes controlling coarse sediment 
dynamics, but instead simply inferred their role in the progression of fluvial 
systems through the geographical cycle. This is illustrated in Figure 2.2, where: 
tectonic activity is responsible for the initial physiography and geology of the 
fluvial system (youth); climate driven, catchment hydrology then gradually re-
shapes the landscape through the operation of geomorphological processes 
(maturity), until denudation of the catchment as a whole reduces gradients to the 
point that geomorphological processes become impotent (old age).  
 
 
 
Figure 2.2 Interrelationships in the fluvial system explained by 'DYLV¶V (1899 cited in 
Chorley et al., 1973) µ*HRJUDSKLFDO&\FOH¶ 
 
However, while this simplified representation of form-process interaction 
is consistent with 'DYLV¶V over-arching theories, closer examination of his papers 
reveals a deeper appreciation for the interaction between coarse sediment 
G\QDPLFVDQGFKDQQHOIRUPHVSHFLDOO\LQKLVWUHDWPHQWRIµJUDGHG¶ULYHUV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...the balance between erosion and deposition...introduces one of the most 
important problems that is encountered in the discussion of the geographical 
cycle. The development of this balanced condition is brought about by changes in 
the capacity of a river to do work, and in the quantity of work that the river has to 
do. The changes continue until the two quantities, at first unequal, reach equality; 
and then the river may be said to be graded... 
(Davis, 1902: 86-7 cited in Chorley et al., 1973) 
 
It is apparent from this excerpt that Davis did indeed understand the importance of 
WKH EDODQFH EHWZHHQ VHGLPHQW WUDQVSRUW FDSDFLW\ µthe capacity of a river to do 
work¶ DQG VHGLPHQW VXSSO\ µthe quantity of work that the river has to do¶ LQ
controlling channel morphology and change. Many of the representations of 
alluvial systems that followed over the next decade reflect these principles. 
Although Davis clearly understood the significance of coarse sediment dynamics, 
WKH\ DUH QRW H[SOLFLWO\ UHSUHVHQWHG ZLWKLQ KLV µgeographical c\FOH¶ ZKLFK LV
concerned with landscape evolution over large temporal and spatial scales. 
 
2.5.3 The functionalist treatment of the transportation of debris by running 
water 
*LOEHUW¶V SLRQHHULQJ IXQFWLRQDOLVW ZRUN RI  SURYLGHG WKH TXDQWLWDWLYH
and experimental reference point for many studies of stream debris transport for 
more than half a century (Clifford, 2008). Straub (1933) GHVFULEHG*LOEHUW¶V(1914) 
report as the most outstanding American contribution to observation and 
measurement of bed load, and the paper may well be the most consistently cited of 
all sedimentological experiments to date (Clifford, 2008). Gilbert (1914) split the 
sediment transport phenomenon into three related parts: competence, which led to 
relations between the size-dependent threshold of debris entrainment and the 
maximum sediment size in transport; capacity, or the maximum possible weight of 
load, limited by stream energy, and which was responsive to channel shape and 
debris calibre and; the relationship between bed forms and the transport of debris.  
*LOEHUW¶V (1914) experiments yielded three basic equations for stream 
FDSDFLW\ZULWWHQ LQ WHUPVRIVORSHGLVFKDUJHDQGµILQHQHVV¶DQG WKHLU UHVSHFWLYH
µFRPSHWHQW¶WKUHVKROGYDOXHVIRUWKHRQVHWRIVHGLPHQWWUDQVSRUW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 ܥ ൌ ሺܵ െ ߪሻ௡   
Equation 2.1 ܥ ൌ ሺܳ െ ߢሻ௢  
Equation 2.2 ܥ ൌ ሺܨ െ ߶ሻ௣ 
Equation 2.3 
 
where ܥ is transport capacity, ܵ is slope, ܳ is discharge, ܨ is fineness, ߪ ? ߢ and ߶ 
are fixed competence thresholds, and ݊, ݋and ݌ are variable exponents. This 
generated complicated relationships since depth/width ratio and velocity of flow 
were, in turn, deSHQGHQWRQ*LOEHUW¶V WKUHHGULYLQJYDULDEOHV$VD UHVXOW*LOEHUW
recognised, although did not necessarily fully comprehend, the presence of 
complex non-linearity within these relationships stating that: 
 
The rate at which capacity varies inversely with each of the three controlling 
conditions, slope, discharge, and fineness, itself varies inversely with each of the 
conditions.  
(Gilbert, 1914: 189) 
 
$QRWKHULPSRUWDQWFRQWULEXWLRQRI*LOEHUW¶V(1914) paper is its formulation 
of stream energy and its relationship to sediment transport, although Clifford 
(2008) identified that both Shaler (1899 cited in Clifford, 2008) and Seddon (1896 
cited in Clifford, 2008) had previously recognised the importance of flow energy 
in controlling the amount of sediment it can transport. Specifically, 
 
The energy of a stream is measured by the product of its discharge (mass per unit 
time), its slope, and the acceleration of gravity. In a stream without load the 
HQHUJ\ LV H[SHQGHG LQ IORZ UHVLVWDQFHV«/RDG«DIIHFWV WKH HQHUJ\«,WV
transportation involves mechanical work, and that work is at the expense of the 
VWUHDP¶VHQHUJ\«VRWKDWWKHQHWUHVXOWLVDWD[RQWKHVWUHDP¶VHQHUJ\ 
(Gilbert, 1914: 11) 
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These ideas helped lay the foundations for the rational approach to 
sediment transport later presented by Bagnold (1966), who identified that the rate 
of work done in transporting sediment is equal to the available power beyond a 
threshold value multiplied by efficiency. 
Gilbert (1914) also identified a possible quantitative relation between 
bedform type and the transport stage, and between bedform geometry and the 
transport rate. His description of bedform regime remains unsurpassed: 
 
When the conditions are such that the bed-ORDG LV VPDOO«GXQHV WUDYHO
GRZQVWUHDP«:LWK DQ\ SURJUHVVLYH FKDQJH «WHQGLQJ WR LQFUHDVH WKH ORDG WKH
dunes eventually disappear and the debris surface becomes smooth. The smooth 
phase is then succeeded by a second rhythmic phase, in which a system of hills 
travels upstream. These are called antidunes.  
(Gilbert, 1914: 11) 
 
*LOEHUW¶V(1914) results showed that changes in bedform regime took place 
at lower slopes for larger streams and for finer material. This dependence upon 
SDUWLFOHVL]HDQGWKHµK\GUDXOLFVL]H¶WKHSURGXFWRIYHORFLW\DQGK\GUDXOLFUDGLXV
was later used to discriminate between lower (dune) and upper (antidune) bedform 
regimes (Clifford, 2008). Figure 2.3 describes the interrelationships between form 
DQGSURFHVVH[SODLQHGE\*LOEHUW¶V(1914) studies of sediment transport capacity. It 
demonstrates how this early functionalist study appreciated that channel slope, 
discharge, resistance (via velocity and depth/width ratio) and sediment size could 
all influence sediment transport rate, and that sediment transport rate, in turn, 
could affect the type of bedforms present in the channel.  
Two important aspects of this view of the fluvial system should be 
appreciated. First, it treats coarse sediment transport as a phenomenon that is 
independent of time and history, but which must instead be explained by factors 
that are determinable without reference to the large-scale history or geography of a 
river catchment. Second, it predominantly treats coarse sediment dynamics in a 
uni-directional manner: parameters relating to the energy of the flow affect 
sediment transport rate, which in turn affects the bedform regime without any 
explicit representation of feedback.  
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Figure 2.3 Interrelationships in the fluvial system as explained by the functionalist 
treatment of sediment transport capacity by Gilbert (1914). 
 
However, although focused mainly on sediment transport in simple 
H[SHULPHQWDOIOXPHV*LOEHUW¶V(1914) paper also demonstrated an appreciation that 
his transport relations (Equation 2.1, Equation 2.2 and Equation 2.3) might be 
limited in their applicability to natural streams. Gilbert (1914) suggested that while 
the slope and fineness relations might be transferable to natural streams, the 
discharge relation required modification because the load-discharge relation for 
natural streams was discontinuous. This discontinuity reflected the 
µDPSOLWUDFWLRQDO¶ ORDG WKDW LV WKHWUDFWLRQORDGDWD WLPHZKHQ the discharge was 
VXIILFLHQW WR LQLWLDWH WUDQVSRUW IURPWKHGHHSVRID ULYHUDQGµWKURXJK WUDQVSRUWRI
ERWWRP ORDG¶ ZKLFK LQFOXGHG PDWHULDO VXVSHQGHG RQO\ E\ WKH KLJKHU GLVFKDUJHV
(Clifford, 2008). Further, Gilbert (1914) recognised that, within natural streams, 
supply limited conditions would render unrealistic predictive sediment transport 
capacity functions that were developed in experimental flumes with unlimited 
sediment availability. These recognitions represent an implicit understanding by 
Gilbert (1914) that coarse sediment dynamics within natural fluvial systems could 
not be fully represented by simplified, uni-directional, micro-scale treatments of 
sediment transport capacity alone. 
 
2.5.4 Analytical representation of the alluvial system 
:KLOVW *LOEHUW¶V (1914) paper is largely cited with respect to its 
examination of transport capacity, its central tenet was the development of an 
analytical framework for describing the alluvial channel system (Clifford, 2008). 
Gilbert (1914) was dissatisfied with his own attempts to blend laboratory and field 
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H[SHULHQFH DQG FRQFOXGHG WKDW ZKLOVW KLV µODZV¶ FRQQHFWLQJ VHGLPHQW WUDQVSRUW
capacity individually with its controlling variables had been satisfactorily 
approached (Equation 2.1, Equation 2.2 and Equation 2.3), his more general 
proposition linking sediment transport and channel form was, at best, a partial and 
empirical approximation. Gilbert (1914) was aware that a proper theoretical 
treatment required consideration of mutual interdependence, and was best 
expressed by sets of limiting differential equations. 
Subsequent studies by Rubey (1938) attempted to couple physically-
JURXQGHG SULQFLSOHV RI NLQHWLF HQHUJ\ H[SHQGLWXUH WR VWDEOH µJUDGHG¶
PRUSKRORJLFDO RXWFRPHV XVLQJ *LOEHUW¶V DSSURDFK 5ubey (1938) developed a 
theoretical model using the energy consumed in transport: 
 ܵ௘  ? ଵܺ ହൗ ൌ ܮ ? ݒ ? ଺ܳ ହൗ  
Equation 2.4 
 
where ܵ௘ is energy slope, ܺ is the optimum channel form ratio (depth/width), ܮ is 
transport rate, ݒ is sediment particle settling velocity and ܳ is discharge. This type 
of approach proved enlightening with respect to the nature and range of alluvial 
channel adjustments and its implications were reflected, although not always 
recognised by, many subsequent research efforts into the relationships between 
coarse sediment transport and channel form (Clifford, 2008). 
The tension between analytical elegance and physical completeness in 
representations of alluvial channel morphology that typified the analytical 
DSSURDFKHVRIERWK5XEH\DQG*LOEHUWZDVDOVRHYLGHQWLQ/DQH¶VGLVFXVVLRQµ7KH
,PSRUWDQFHRI)OXYLDO0RUSKRORJ\LQ+\GUDXOLF(QJLQHHULQJ¶ (1955b). This was a 
uniquely incisive attempt to draw attention in the engineering community to the 
JHRPRUSKRORJLFDODQGJHRJUDSKLFDOFKDUDFWHURIULYHUVZKLFKµVWUXFWXUHG¶FKDnnel 
form. /DQH¶V(1955b) analytical model of equilibrium channel form was specified 
with respect to slope, ܵ, particle diameter, ܦ, and sediment, ܳ௦ (or ܮ), and water 
discharge, ܳ௪: 
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ܳ௦  ? ܦ ? ௪ܳ  ?  ܵ
Equation 2.5 
 
which has often been reproduced graphically (Figure 2.4). /DQH¶V (1955b) 
analytical relationship defined the condition of stability between aggradation and 
degradatioQRIDVWUHDPEHGDQGZDVVXEVHTXHQWO\LQWHUSUHWHGDVµWKHVWDEOHVWUHDP
EDODQFH¶,PSRUWDQWO\LWHPSKDVLVHGLQ-channel aggradation as well as erosion as a 
form of process-response in the fluvial system. Where the perturbation of a river 
by, for example, a bend cut-off increases the slope and so disturbs the equilibrium 
FRQGLWLRQRIDJUDGHGVWUHDP/DQH¶VEDODQFHSUHGLFWVWKDWWKHFKDQQHOZLOOUHVSRQG
through degradation, resulting in an increase in bed material load (sediment 
discharge) and bed material size and a subsequent reduction in slope (Figure 2.4). 
Explicit recognition of the important role that coarse sediment dynamics (i.e. bed 
material load) play in the adjustment of channel morphology gives the model a 
particular strength. This partially explains its widespread acceptance by engineers 
as a tool for explaining and predicting river response to disturbance. However, 
WKRXJK/DQH¶V(1955b) balance represents an admirable early attempt to represent 
a process-response mechanism that generates feedback between fluvial process 
and adjustment of channel morphology, it excludes changes in bedforms, channel 
width, and cross-sectional form, as potential dimensions of adjustment, while 
planform changes are represented only by the proxy variable of channel slope 
(Figure 2.5).  
It is also interesting to note that, despite Lane emphasising that 
consideration of W. M. 'DYLV¶V stages of river development is of ³FRQVLGHUDEOH
DVVLVWDQFH WR K\GUDXOLF HQJLQHHUV LQ WKHLU DQDO\VLV RI SODQV IRU VWUHDP FRQWURO´ 
(Lane, 1955b: 11), no explicit representation of long-term channel evolution is 
LQFOXGHG LQ /DQH¶V DQDO\WLFDO UHSUHVHQWDWLRQ RI VWUHDP HTXLOLEULXP ,QVWHDd, like 
*LOEHUW¶VIXQFWLRQDOLVWUHSUHVHQWDWLRQRIVHGLPHQWWUDQVSRUWFDSDFLW\WKDWSUHFHGHG
LW /DQH¶V WUHDWPHQW DFFRXQWV IRU FRDUVH VHGLPHQW G\QDPLFV LQ D PDQQHU WKDW LV
largely disconnected from the evolutionary history of the fluvial system (Figure 
2.5). 
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6XUSULVLQJO\ GHVSLWH WKH SRWHQWLDO FROODERUDWLYH EHQHILWV /DQH¶V (1955b) 
approach was neither referenced back to, nor taken up in, engineering-led, regime 
analyses, which had been steadily increasing in sophistication during the same 
period (Clifford, 2008), as will be examined in the next section. 
 
 
Figure 2.4 Graphical illustration RI /DQH¶V (1955b) analytical treatment of coarse 
sediment dynamics within the alluvial system. Diagram originated as an unpublished 
drawing by W. Borland of the US Bureau of Reclamation. 
 
 
Figure 2.5 Interrelationships in the fluvial system as explained by the analytical 
representation of coarse sediment dynamics by Lane (1955b). 
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2.5.5 Regime theory 
As identified in Section 2.1, the large-scale and highly bureaucratised civil 
water works in India created a huge natural data-producing laboratory that acted as 
WKHIRXQGDWLRQIRUµUHJLPHWKHRU\¶WKDWZDVGHYHORSHGE\%ULWLVKHQJLQHHUV7KUHH
situations requiring engineering design solutions were commonly encountered: 
using the lowest practicable velocity to minimise slope in order to increase the 
irrigation command area; reducing the dimensions of a canal to limit land take 
and/or cost, which involved maximising velocity while maintaining bed and bank 
stability; and making slope as steep as possible to reduce the cost of a step in the 
long profile or avoid alignment difficulties. These practical problems led to 
scientific consideration for the implications that channel slope, channel shape, 
channel boundary material and the characteristics of transported load had for the 
stability of canals (Lacey, 1939). 
The regime theory that developed from these scientific studies was a set of 
TXDQWLWDWLYH DQG HVVHQWLDOO\ HPSLULFDO µODZV¶ RI FKDQQHO VHOI-formation. The 
regime canals carried seasonally heavy loads of relatively fine sediments, but for 
most of the year, were maintained in a state of constant discharge (Clifford, 2008). 
Regime theory dictated that a degree of variation in channel shape was inevitable 
but that, in general, transient in-stream bars would only vary local slope and width 
about a more consistent longer-term state. The rationale was that: 
 
..river variables are not as erratic as commonly supposed...regime behaviour 
consists of a fluctuation about an equilibrium position, or about a trend to an 
equilibrium position that, presumably, must depend on some laws of self-
adjustment capable of quantitative expression.  
(Blench, 1957: 11) 
 
Kennedy (1895 cited in Clifford, 2008) published pioneering relations 
between depth and discharge for 22 canals in the Lower Bari Doab Canal System, 
which he considered as stable examples from a larger sample. He was concerned 
ZLWK HPSLULFDOO\ LGHQWLI\LQJ WKH FRQGLWLRQV RI µIXOO VXSSO\¶ LQ ZKLFK FKDQQHOV
neither silted nor scoured their beds. Based on his sample of stable canals, he 
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LGHQWLILHG WKDWRQFHDFKDQQHOKDGµVHWWOHG¶ LWVHOf, the mean speed of flow was a 
function of depth of the form: 
 ଴ܸ ൌ ܥ ? ௡݀ 
Equation 2.6 
 
where ଴ܸ is the critical mean velocity, ݀ is depth, C is a calibration value (which 
varies with the quantity and calibre of silt) and n is a constant (0.64). Three new 
irULJDWLRQ V\VWHPV ZHUH GHVLJQHG XVLQJ .HQQHG\¶V HPSLULFDO IRUPXOD EXW WKHVH
experienced varying degrees of problems over several decades (Clifford, 2008). 
Later advances in regime theory included recognition that slope and width 
(Garrett, 1909 cited in Clifford, 2008), and also bed material, bank material and 
discharge (Lindley, 1919 cited in Clifford, 2008) were significant aspects of self-
adjustment within canals. However, it is the work of Lacey, published after 1930, 
which is the most widely cited contribution to regime theory. Lacey justified the 
empirical nature of regime theory by arguing that physical laws must underpin 
widely-REVHUYHGUHJXODULWLHV+LVDSSURDFKZDVWRGHWHUPLQHµWUXH¶YDOXHVWKDWOD\
within the limits of an assumed statistical relationship, from empirical scatter 
attributed to observational error and circumstance (Clifford, 2008). As such, 
/DFH\¶VZRUNSUHVDJHGWKHUHVHDUFKRI/HRSROGDQGRWKHUVLQWKHVDQGV
His efforts (Lacey, 1933-1934; Lacey, 1939) produced the following equations: 
 ܲ ൌ  ? ?? ? ?ȉ ܳ଴ ?ହ 
Equation 2.7 ܸ ൌ  ? ?? ? ? ? ?ȉ ܳଵ ଺ൗ ȉ ݂ଵ ଷൗ  
Equation 2.8 ܴܲ ൌ  ? ?? ?ȉ ܳଵ ଺ൗ ȉ ݂ଵ ଷൗ  
Equation 2.9 
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ܵ ൌ ݂ହ ଷൗ ? ? ? ?ȉ ܳଵ ଺ൗ  
Equation 2.10 
 
where ܲ is the wetted perimeter, ܳ is the discharge, ܸ is the velocity, ݂ is the silt 
factor related to the diameter of the bed material, ܦ (in inches), by ݂ ൌ  ? ȉ ܦ, ܴ is 
the hydraulic radius and ܵ is the slope. 
8VLQJ /DFH\¶V UHJLPH HTXDWLRQV LI ERWK WKH VLOW IDFWRU (݂) and the 
discharge (ܳ) were known, the stable wetted perimeter, hydraulic radius and slope 
of a canal were uniquely determinable so that stable geometries could be seen as 
direct outcomes of the interaction of determinate processes. Later research efforts 
by Inglis (1949) and Blench (1957) added channel planform to the aspects of 
channel morphology that could be predicted using the regime approach. 
It is evident that the regime theory approach developed and practised by 
Kennedy, Lacey, Inglis, Blench and others was not concerned with 
geomorphological processes occurring over large temporal and spatial scales but, 
like the approaches of Gilbert (1914) and Lane (1955b), treated the systems as 
time and space independent. As the channels in question were artificially 
constructed, with steady flows and uniform dimensions, the systems were largely 
space and time independent. Further, the regime theory they developed did not 
explicitly attempt to explain the processes responsible for coarse sediment 
dynamics. Instead, it simply described the relationships between those parameters 
deemed as being independent (discharge and boundary material size) and those 
deemed as being dependent (channel morphology). In other words, whilst Lacey 
UHFRJQLVHGWKDWSK\VLFDO ODZVPXVWXQGHUSLQWKHµZLGHO\-REVHUYHGUHJXODULWLHV¶LQ
regime canals, he did not attempt to explain those laws. Instead he sought to define 
WKH WUHQGV WKDW WKH µEODFN-ER[¶ RI FRDUVH VHGLPHQW G\QDPLFV JHQHUDWHG 7KLV LV
reflected in Figure 2.6.  
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Figure 2.6 Interrelationships in the fluvial system as explained by regime theory. 
 
2.5.6 Critical tractive force and the design of stable channels 
In 1948, the Bureau of Reclamation of the US Department of the Interior 
began a series of reviews and experiments with the aim of improving the design of 
irrigation canals constructed in earth. These efforts were formalised into a design 
method by Lane (1955a). Whereas the European regime approaches 
accommodated a limited degree of morphological adjustment reflecting the joint 
controls of discharge and load, this approach was based upon: 
 
«VHFXULQJ D GLVWULEXWLRQ RI WKH WUDFWLYH IRUFH DORQJ WKH VLGHV DQG ERWWRP RI WKH
channels such that the magnitude of this force at all points will be sufficiently 
large to prevent sediment deposits in objectionable quantities, and at the same 
time will be small enough to prevent objectionable scour. 
(Lane, 1955a: 1234) 
 
The identification of a means to design stable channels, where no erosion 
or deposition occurs, proceeded in three stages (Clifford, 2008):  
i. clarification of the general principles for stable canal design;  
ii. development of a tentative method to assure freedom from scour, whereby 
critical tractive force was determined from the velocity distribution and 
particle size in channels of trapezoidal cross section; and  
iii. the formulation of specific criteria for the design of canal shapes which 
involved a minimum of excavation, in coarse non-cohesive material. 
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There are clear similarities between the European regime approach and the 
US approach to stable channel design based on the concept of critical tractive 
force. Similarities include not only comparable applications, but also the treatment 
of geomorphological processes over similar scales. However, attempts to make 
direct linkages by Simons and Albertson (1960) and Henderson (1963) were met 
with general hostility, largely due to disagreements over the acceptability of active 
sediment transport. These disagreements highlight an important difference 
between the two approaches: the American critical tractive force approach to 
stable channel design was not a purely empirical but incorporated a theoretical 
analysis of the balance of motivating and resisting forces acting on the coarse 
material composing the channel boundary. However, the critical tractive force 
approach explicitly sought to design stable, threshold channels in which the 
motivating forces never exceeded those resisting entrainment. Hence, while this 
approach sought to account for the process of coarse sediment entrainment, it 
made no attempt to predict KRZ FKDQQHO PRUSKRORJ\ PLJKW DGMXVW LQ µXQVWDEOH¶
channels where sediment transport, erosion or deposition did occur (Figure 2.7). 
 
 
Figure 2.7 Interrelationships in the fluvial system as explained by the tractive force 
approach to stable channel design. 
 
2.5.7 Hydraulic Geometry 
µThe Hydraulic Geometry of Stream Channels and Some Physiographic 
,PSOLFDWLRQV¶ (Leopold and Maddock, 1953) aimed to take ³Quantitative 
measurement of some of the hydraulic factors that help determine the shape of 
natural stream channels´ and ³«provide some picture of the hydraulic 
characteristics related to channel shape and a segment RI WKHVWUHDP¶V VHGLPHQW
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ORDG«to be potentially useful tools for the study of fluvial processes´ (Leopold 
and Maddock, 1953: 2). The justification for their approach was that: 
 
The channel characteristics of natural rivers are seen to constitute, then, an 
interdependent system which can be described by a series of graphs having simple 
geometric form. The geometric form of the graphs describing these interactions 
VXJJHVWV WKH WHUP µK\GUDXOLF JHRPHWU\¶ &KDQQHO FKDUDFWHULVWLFV RI D SDUWLFXODU 
river system can be described in terms of the slopes and intercepts of the lines in 
the geometric patterns 
(Leopold and Maddock, 1953: 18) 
 
In their paper, Leopold and Maddock (1953) fit power law relations to 
graphs of width, depth, velocity and suspended sediment load as functions of 
discharge for reaches of 20 American rivers. Data were derived from USGS 
gauging station records for streams in the Great Plains and the southwest. The 
mean annual discharge and cross-sectionally averaged velocity were used for 
convenience and due to limited data availability. 
Leopold and Maddock (1953) identified changes both along rivers 
µGRZQVWUHDPK\GUDXOLFJHRPHWU\¶DQGFKDQJHVDWLQGLYLGXDOFURVV-VHFWLRQVµDW-a-
VWDWLRQ K\GUDXOLF JHRPHWU\¶ 7KH\ GHILQHG GRZQVWUHDP K\GUDXOLF JHRPHWU\ RI D
catchment (or collection of catchments) using a constant flow frequency, so that 
the channel dimensions change as the discharge relating to that flow frequency 
increases in a downstream direction due to increasing drainage area and tributary 
inputs. At-a-station hydraulic geometry describes how width, depth, velocity and 
load increase at a given cross-section as discharge increases. The functions for 
both types of hydraulic geometry differ only in terms of the values of coefficients 
and exponents and, based on the regression curves fitted to the field data, Leopold 
and Maddock (1953) deILQHG K\GUDXOLF JHRPHWU\ XVLQJ WKH IROORZLQJ µSRZHU
ODZV¶ ݓ ൌ ܽܳெ஺ி௕ 
Equation 2.11 ҧ݀ ൌ ܿܳெ஺ி௙ 
 Equation 2.12 
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ݑത ൌ ݇ܳெ஺ி௠ 
Equation 2.13  ൌ ݌ܳெ஺ி௝ 
 Equation 2.14 
 
where ݓ is width; ҧ݀ is mean depth; ݑത is mean velocity;  is suspended sediment 
load; and ܳெ஺ி is the mean annual discharge, and ܾ = 0.26, ݂ = 0.40 and ݉ = 0.34 
for at-a-station hydraulic geometry. The exponents for downstream hydraulic 
geometry were 0.5, 0.4 and 0.1 (Leopold and Maddock, 1953).  
Because of the alternatives offered to engineers by regime theory and 
critical tractive force approaches, uptake of hydraulic geometry equations for use 
in stable channel design was relatively weak (Clifford, 2008). This was 
unfortunate in that downstream hydraulic geometry represents a less restrictive 
extension to regime theory, a fact that Blench (1957) recognised, stating: 
 
The USGS work [by Leopold and Maddock] might be described as a regime 
analysis of fairly trapezoidal sections in river systems, exactly parallel to the 
Lacey regime analysis..of canal systems, although its authors had an original 
outlook unbiased by any theory. 
(Blench, 1957: 99) 
 
5HJLPHWKHRU\DQGK\GUDXOLFJHRPHWU\DWWHPSWHGWRµH[SODLQ¶WKHLQIOXHQFH
that coarse sediment dynamics has on channel morphology in a similar manner. 
Both explanations of form-process interaction was rendered in two stages 
(Clifford, 2008). First, they assumed that the existence of physically-determinate 
behaviour could be inferred from statistical trends, with departures from the trend 
attributed to errors and a variety of uncontrolled variables. Second, they inferred 
physical mechanisms from correlations between proxy variables, sometimes 
without detailed theoretical consideration of the causal relations responsible for 
those correlDWLRQV$VDUHVXOWOLNHUHJLPHWKHRU\K\GUDXOLFJHRPHWU\¶VWUHDWPHQW
RIFRDUVHVHGLPHQWG\QDPLFVFDQEHFRQVLGHUHGWREHDµEODFN-ER[¶DSSURDFKZLWK
D UHSUHVHQWDWLYH µGRPLQDQW¶ GLVFKDUJH EHLQJ WKH H[SODQDWRU\ YDULDEOH IRU FURVV-
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sectional geometry, velocity, slope, planform pattern and channel resistance via 
the inferred physical processes related to coarse sediment dynamics (Figure 2.8).  
 
 
Figure 2.8 Interrelationships in the fluvial system as explained by hydraulic geometry. 
 
However, whilst recognising the similarities between hydraulic geometry 
and regime theory, Clifford (2008) argued that they differ in several respects. 
Importantly UHJLPHWKHRU\ZDVFRQFHUQHGOHVVZLWKµH[SODQDWLRQ¶DQGPRUHZLWK
correlation and comparison, so that the statistical best fit between flow and form 
was of more significance than explanation of the processes linking them. This was 
evident from the fact that both the coefficients and exponents used within regime 
theory were subject to alteration. Clifford (2008) highlights that the consequences 
of this contrast in approach are clearly seen in the contrasting manner with which 
regime theory and hydraulic geometry treated ideas of a reference discharge, and 
which led Inglis to condemn hydraulic geometry based upon mean annual 
discharge as µTXLWHYDOXHOHVVIRUFRUUHODWLRQSXUSRVHV¶ (1961: 214). 
Nevertheless, hydraulic geometry remains similar to regime theory in its 
attempt to find general trends in fluvial form. This focus on overall trends was 
justified by Leopold and Langbein since... 
 
Any aspects of science may founder temporarily on the shoals of small questions of 
details, as well as on the dead-end shallows of description. Resurgence of activity 
and interest can revitalize a subject where the questions posed for investigation 
are big ones,...which..have wide applicability or lead to broad generalization. 
(Leopold and Langbein, 1963: 192) 
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While the general trends identified by hydraulic geometry analyses were 
not initially taken up by the engineering-based, stable channel design community, 
they were widely applied by geomorphologists intent on the identification of 
equilibrium conditions and quantification of the graded river profile (Clifford, 
2008). However, in many of the early applications, attempts to identify 
equilibrium conditions based on hydraulic geometry analysis were disappointing. 
8OWLPDWHO\ LQ LWV UHOLDQFH RQ WKH µFKDQQHO IRUPLQJ GLVFKDUJH¶ DV D SUR[\ IRU
channel processes and their interactions, hydraulic geometry proved to be a very 
blunt diagnostic tool (Clifford, 2008). In fact, reconciling a morphologically 
defined flow, like bankfull discharge, with an event of specified flow frequency, 
such as the 2-year return period flow, remains an unresolved issue at the heart of 
the downstream hydraulic geometry approach (Soar, 2000). 
Nevertheless, the hydraulic geometry of stream channels was a 
SDUDGLJPDWLFVWDUWLQJSRLQW IRUPXFKIXWXUHZRUN$ORQJZLWK+RUWRQ¶VSDSHURQ
streams and drainage basins (1945), it established both the means and the rationale 
for a working relationship among geomorphologists, hydrologists and engineers. 
In this very success, however, it may have overshadowed the longer-standing 
tradition of more robust, process-driven studies, present in both the geographical 
and geological traditions of geomorphology (Clifford, 2008). These did not 
strongly re-emerge until the late-1970s, despite the work of Schumm (see below). 
Mackin (1963) highlighted this notable concern in his critical comment on the 
new, but essentially empirical, methods of analysis that had been drawn into 
geology from the physical sciences and engineering. 
 
2.5.8 6FKXPP¶VFluvial System 
Stanley A. Schumm was primarily a leading figure within hydraulic 
geometry and functionalist geomorphology as a whole. He produced several 
papers that attempted to quantify fluvial forms and processes that were implicitly 
based on the dominance of extant physical processes over channel form (e.g.: 
Schumm, 1960; Schumm, 1963; Schumm, 1968; Schumm, 1969; Schumm, 1971; 
Schumm and Khan, 1972). Probably the most influential of his functionalist works 
  
60 
was his attempt to predict the direction of response that channels will go through 
following a disturbance (Schumm, 1969). As with his contributions to hydraulic 
geometry, this study was based upon empirical relationships using data from sand-
bed channels in semi-arid and sub-humid regions of the United States and 
Southeastern Australia. Using a series of empirically-based hydraulic geometry 
equations relating channel variables to flow and sediment characteristics Schumm 
(1969) generated a series of rules that predicted changes in morphological 
condition in response to changes in discharge and bed-load supply. Discharge (ܳ) 
and bed-load supply (ܳ௕) can increase (൅), decrease (െ) or remain unchanged. 
The predicted changes in width (ݓ), depth (݀), width/depth ratio ( ݓ ݀ൗ ሻ, meander 
wavelength (ߣ), channel slope (ݏ) and sinuosity (ܵ) were indicated as being either 
an increase (൅), a decrease (െ), or indeterminate (േ6FKXPP¶V(1969) predictive 
relationships resulting from changes in either discharge or supplied bed-load were: 
 ܳା  ? ݓା݀ାቀݓ ݀ൗ ቁାߣାݏି 
Equation 2.15 ܳି  ? ݓି݀ିቀݓ ݀ൗ ቁିߣିݏା 
Equation 2.16 ܳ௕ା  ? ݓା݀ିቀݓ ݀ൗ ቁାߣାݏାܵି 
Equation 2.17 ܳ௕ି  ? ݓି݀ାቀݓ ݀ൗ ቁିߣିݏିܵା 
Equation 2.18 
 
However, Schumm (1969) recognised that changes in discharge and 
sediment load rarely occur independently from each other because of their joint 
dependence on watershed characteristics, but he discovered that attempting to 
account simultaneously for changes in both resulted in increased indeterminacy 
within his predictive relationships: 
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ܳାܳ௕ା  ? ݓା݀േቀݓ ݀ൗ ቁାߣାݏേܵି 
Equation 2.19 ܳିܳ௕ି  ? ݓି݀േቀݓ ݀ൗ ቁିߣିݏേܵା 
Equation 2.20 ܳାܳ௕ି  ? ݓേ݀ାቀݓ ݀ൗ ቁേߣേݏିܵା 
Equation 2.21 ܳିܳ௕ା  ? ݓേ݀ିቀݓ ݀ൗ ቁേߣേݏାܵି 
Equation 2.22 
 
6FKXPP¶V (1969) DSSURDFK EHDUV D VWULNLQJ VLPLODULW\ WR /DQH¶V (1955b) 
analytical representation of coarse sediment dynamics, reviewed in Section 2.5.4. 
Both approaches are informed by an understanding of the physical processes 
involved in coarse sediment dynamics though they are based on rules developed 
empirically. Additionally, both approaches produce predictions of characteristic 
types of channel response that indicate the likely direction of change, but give no 
indication of the extent of change or the rate at which it will occur. However, like 
/DQH¶V (1955b) apSURDFK 6FKXPP¶V UXOHV KDYH EHHQ ZLGHO\ DQG VXFFHVVIXOO\
employed in applied fluvial geomorphology, particularly in assessing the effects of 
human disturbance of the fluvial system (Knighton, 1998). However, predictions 
using this type of approach are limited when based purely upon empirical 
relationships without due consideration for the physical processes involved. For 
example, dams generally decrease both the discharge and sediment load supplied 
to downstream reaches so that Equation 2.20 ought to apply. However, in a study 
of 17 dams in the USA, Williams and Wolman (1984) found that 46% of sections 
widened, 26% narrowed, and 22% retained a constant width. 
Despite the significance of his contributions to fluvial geomorphology 
IURPDIXQFWLRQDOLVWSHUVSHFWLYHDUJXDEO\6FKXPP¶VPRVWVLJQLILFDQWDFKLHYHPHQW
was his recognition, and successful communication, of the fact that, whilst the 
fluvial system can be regarded as either a physical system (eg: Gilbert, 1914; 
Lacey, 1939; Leopold and Maddock, 1953; Lane, 1955b) or a historical system 
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(e.g. Davis, 1899 cited in Chorley et al., 1973), in reality it is a physical system 
with a history (Schumm, 1977). He argued that present form is influenced by both 
SDVW DQG SUHVHQW FRQGLWLRQV ZKHUH µSUHVHQW¶ LV GHILQHG DV WKH WLPH SHULRG RYHU
which inputs to the fluvial system have remained relatively constant. These 
arguments echoed those of Simpson (1963), who reasoned that geomorphological 
VWXGLHV PXVW GLVWLQJXLVK EHWZHHQ µLPPDQHQW¶ DKLVWRULFDO SURFHVVHV WKDW PD\
always occur (under the appropriate historical circumstances), and 
µFRQILJXUDWLRQDO¶ VWDWHV ZKLFK DUH the result of the interaction of the immanent 
with historical circumstances. Until that point there had been an uncomfortable 
tension between the functionalist approach to geomorphology, which related 
extant forms to extant processes and centred around GilEHUW¶V (1877) concept of 
natural systems being in dynamic equilibrium; and the evolutionary or historical 
approach to geomorphology, which focused on 'DYLV¶V (1899 cited in Chorley et 
al., 1973) concept of progressive changes in the landscape through time. Chorley 
(1962: 3) recognised the difficulty in reconciling the long-term cycle of erosion 
and short-term dynamic equilibrium as, ³LQ WKH IRUPHUWKH XVHIXO FRQFHSW RI
dynamics equilibrium or grade rests most uncomfortably; in the latter...the 
progressive loss of a component of potential energy due to relief reduction 
LPSRVHVDQXQZHOFRPHKLVWRULFDOSDUDPHWHU´. 
Through publication of µ7LPH VSDFH DQG FDXVDOLW\ LQ JHRPRUSKRORJ\¶ 
Schumm and Lichty (1965) had a major impact upon the way in which 
geomorphologists view Earth systems. They argued that µGLVWLQFWLRQV EHWZHHQ
cause and effect in the moulding of landforms depend on the span of time involved 
DQGRQWKHVL]HRIJHRPRUSKLFV\VWHPXQGHUFRQVLGHUDWLRQ¶(Schumm and Lichty, 
1965: 110). Their paper describes how different cause-effect relationships become 
of primary importance as the dimensions of time and space change. This was a 
criticism of the functionalist geomorphologists of the day, who were solely 
concerned with ³DSSO\LQJ WKHPVHOYHV WR PRGHUQ SUREOHPV´ which curtailed the 
³VSDWLR-WHPSRUDOUDQJHRI WKHLUUHVHDUFK´ and neglected the important historical 
aspect of landscape evolution (Schumm and Lichty, 1965: 111). Instead Schumm 
and Lichty (1965) argued that geomorphologists should and could account for 
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ERWK µKLVWRULF¶ ODQGVFDSH GHYHORSPHQW RYHU D µF\FOLF¶ time-scale where local-
VFDOH YDULDEOHV DUH RI OLWWOH UHOHYDQFH DQG µSUHVHQW¶ SK\VLFDO SURFHVVHV RYHU D
µJUDGHG¶ time-scale where catchment-scale variables are held relatively constant. 
Similarly, Simpson (1963: 29) argued that because events ³DUH GHWHUPined by 
the immanent characteristics of the universe acting on and within particular 
FRQILJXUDWLRQV´ every event is unique. 
Within a fluvial system, the characteristics of the system change over the 
long span of cyclic time due to the semi-continual removal of material and 
expenditure of potential energy (Figure 2.9A). When a fluvial system is viewed 
from this perspective: time, geology, initial relief, and climate are the independent 
variables driving the system; long-term hydrology, relief and valley dimensions 
are the dependent variables of interest; and the forms and processes occurring at 
the channel-scale are irrelevant (Schumm and Lichty, 1965). Conversely, over a 
graded sub-set of cyclic time, dynamic equilibrium exists in those locations where 
the landforms have reached a graded condition in relation to the processes acting 
on them (Figure 2.9B). Within this time-span, the graded condition can apply only 
to individual components of the drainage basin ± while the entire system cannot be 
graded, an individual reach may be. When a fluvial system is viewed from this 
perspective: time, and the initial relief of the system are irrelevant; instead the 
reach is controlled by its contemporary hydrology and sediment input (i.e. the flow 
and sediment regimes), along with the local valley terrain and dimensions. Reach-
scale hydraulics, sediment transport processes and the channel morphology with 
which they interact are the dependent variables of interest at this time-scale 
(Schumm and Lichty, 1965). 
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Figure 2.9 Alternative time-scales over which river channel morphology can adjust. 
Channel gradient has been arbitrarily selected as the variable of interest. (A) Progressive 
reduction of channel gradient during cyclic time. (B) Fluctuations above and below a 
mean during graded time. Modified from Schumm and Lichty (1965). 
 
As well as formally addressing the importance of perspective in terms of 
temporal and spatial scales, Schumm made another significant contribution to the 
treatment of time and space with respect to the study of coarse sediment dynamics 
through his identification of threshold behaviour and complex response in the 
fluvial system (Schumm, 1973; Schumm, 1977). Characterisation of 
geomorphology as a system science had actually been proposed earlier by Chorley 
(1962; 1971), but Schumm (1973) is widely cited as developing many of the most 
important conceptual and practical applications of the system framework.  
Exploring coarse sediment dynamics within a systems approach overcame 
the practical limitations of reductionist science ± it opened the way to modelling 
complex patterns of interaction between the various subsystems that make up the 
fluvial landscape. It replaced analytical theories with system models as 
generalisations of the landscape in a manner that can conceivably be more faithful 
to the prototype (Church, 2010). Since the alluvial and morphological details of 
drainage systems are much too complex to be explained by progressive erosion 
alone, Schumm (1973) identified that they are affected by abrupt modifications as 
a result of both geomorphic thresholds and complex response. 
µ*HRPRUSKLFWKUHVKROGV¶VHSDUDWHGLIferent system regimes, each of which 
may have its own characteristic morphology. Schumm (1973) recognised two 
types of threshold: extrinsic, which are associated with a change in an external 
factor such as climate; and intrinsic, which reflect an inherent property of 
geomorphic systems to evolve to a critical state when adjustment or failure occurs. 
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As a result of fluvial systems crossing these thresholds, Schumm (1975) suggested 
that, rather than remaining in a state of dynamic equilibrium, where they 
continually adjusted to maintain equilibrium with their environment, fluvial 
V\VWHPV FRPPRQO\ H[LVWHG LQ D µG\QDPLF PHWDVWDEOH HTXLOLEULXP¶ ZKHUH
occasional, abrupt changes punctuate dynamic stability in the fluvial system. 
Schumm (1973) also argued that, because of the large number of 
interrelationships in the fluvial system, its response to disturbance is often 
complex. His key example was the response of a drainage system to rejuvenation 
by a change in base level, which was simulated in the Rainfall Erosion Facility 
(REF) at Colorado State University (CSU): 
 
...a small drainage system...was rejuvenated by a slight (10 cm) change of base 
level. As anticipated, base level lowering caused incision of the main channel and 
development of a terrace... Incision occurred first at the mouth of the system, and 
then progressively upstream, successively rejuvenating tributaries and scouring 
the alluvium previously deposited in the valley... As erosion progressed upstream, 
the main channel became a conveyor of upstream sediment in increasing 
quantities, and the inevitable result was that aggradation occurred in the newly 
cut channel... However, as the tributaries eventually became adjusted to the new 
base levels, sediment loads decreased, and a new phase of channel erosion 
occurred...  
(Schumm, 1973: 307) 
 
Ashworth and Ferguson (1986) also recognised the complex interactions 
that occurred between coarse sediment transport and channel morphology. They 
described cause-effect relationships in active gravel-bed rivers as being closely 
interlinked with substantial feed-back, both positive and negative, as indicated by 
Figure 2.10. This figure was derived on the basis of experimental work on a 
proglacial braided river where they found that channel morphology, itself 
produced by the interaction of previously imposed discharge and sediment supply, 
determines the way in which current sediment supply and discharge fluctuations 
interact to cause particular patterns of morphological change. In other words, a 
strong coupling between form and process is manifest as a spatially distributed 
form-process feedback and exhibits complex response in fluvial systems. 
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Figure 2.10 Interrelationships amongst form flow and sediments in active gravel-bed 
rivers. Taken from Ashworth and Ferguson (1986). 
 
Through application of the concepts of threshold behaviour and potential 
complex response, Schumm (1973) demonstrated that, within a natural system, a 
single disturbance can trigger a complex reaction as the components of the system 
respond progressively to perturbation LQ ZKDW KDV VLQFH EHHQ WHUPHG µVSDWLDOO\
distributed form-SURFHVV IHHGEDFNV¶ (Lane and Richards, 1997). These principles 
provided an explanation of the complexities observed in alluvial chronologies, and 
suggest that an infrequent event, although performing little of the total work within 
a drainage system, may, in fact, be the trigger that causes the crossing of a 
geomorphic threshold and the catalyst for a complex sequence of events that will 
produce significant landscape modification. These ideas recognise the importance 
of connectivity in the fluvial landscape, both over time and space, in a manner that 
had not been explained by previous approaches to understanding coarse sediment 
G\QDPLFV VXFK DV K\GUDXOLF JHRPHWU\ DQG UHJLPH WKHRU\ 6FKXPP¶V RULJLQDO
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contribution, along with those of his peers and students, allowed fluvial 
geomorphologists to view coarse sediment dynamics from a fresh perspective, as 
illustrated in Figure 2.11. 
Although functionalist approaches to studying fluvial forms and processes 
FRQWLQXHG WR GRPLQDWH WKLQNLQJ WKURXJKRXW WKH SHULRG GXULQJ ZKLFK 6FKXPP¶V
new ideas of the fluvial system were being published, the last decades of the 20th 
century saw researchers identifying that the fluvial system did indeed have a 
µPHPRU\¶ )RU H[DPSOH :DUQHU (1987; 1994) identified that the oscillation 
between flood- and drought-dominated flow regimes in the coastal rivers of New 
South Wales gave rise to a cyclic disequilibrium in channel form, from a condition 
WKDWZDVQHDULQJHTXLOLEULXPIRUµKLVWRULFDO¶GULYHUVLQWRDcondition in equilibrium 
ZLWK µSUHVHQW¶ GULYHUV EHIRUH WKH FKDQJLQJ IORZ UHJLPH FUHDWHG QHZ ¶IXWXUH¶
drivers. Over far longer time-scales, the channel patterns and deposits of Amazon 
Basin rivers draining Andean source areas have been shown to reflect the effect of 
Pleistocene glacial episodes when the uplands supplied large quantities of coarse 
bed-load, which only the major rivers are now able to rework (Baker, 1978). 
Similarly, Church and Slaymaker (1989) suggest that fluvial adjustment to post-
glacial conditions is incomplete in British Columbian rivers because of the 
constraints imposed by relict boundary sediments. 
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Figure 2.11 Interrelationships in the fluvial system as explained by 6FKXPP¶VDOOXYLDl system. 
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2.5.9 Non-linear dynamics 
6FKXPP¶V (1965) separation of modes of examining geomorphological 
processes based on the temporal and spatial scales under consideration has 
received some important criticism. Notably, Lane and Richards (1997: 257) 
suggested that the idea that different scales of form and process are causally 
independent of each other is unsustainable ³DVVKRUWWLPH-scale and small space-
scale processes influence processes over longer time-scales and larger space-
VFDOHV´ Based on observations within a braided reach of an actively changing 
river in the Swiss Alps, they argued that, since the changes in morphology 
resulting from small-scale channel processes can impact future channel processes 
in a non-linear fashion, local characteristics are important in controlling future 
system behaviour. 
Non-linear behaviour is defined to occur when the outputs of a system are 
disproportional to the inputs over the entire range of inputs (Phillips, 2003). A 
highly non-linear relationship exists between fluxes of water and coarse sediment 
in river systems (Cudden and Hoey, 2003), and this is significant in generating 
non-linear behaviour in many aspects of fluvial systems including hydraulic 
geometry relationships, hysteresis effects, meander migration rates, the probability 
of an avulsion, relations between flood magnitude and sediment load, the existence 
of bed-load pulses, and the response of drainage basins to catchment changes in 
climate and land-use (Coulthard and Van de Wiel, 2007). Non-linear behaviour 
has three serious implications for coarse sediment dynamics:  
i. the fluvial system may exhibit sensitivity to the initial conditions, as 
changes in the inputs to the system can instigate disproportionate changes 
in its outputs;  
ii. the behaviour of a system may exhibit either divergent or convergent 
emergent properties, which cannot be expressed as a sum of the behaviours 
of its components;  
iii. because the emergent behaviour of a non-linear system cannot be inferred 
from its components, a future state of the system can often only be known 
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by direct observation at that future time ² either in nature or in a model of 
the system. 
Figure 2.11 ZKLFK LV EDVHG XSRQ 6FKXPP¶V IOXYLDO V\stem, also 
adequately describes how its non-linear behaviour explains the impact that coarse 
sediment dynamics has on channel morphology. The key advance lies in 
recognition of how high levels of complexity can arise from non-linear 
relationships and feedback loops that are inherent to the fluvial system (Phillips, 
2003). 
 
2.5.10 Computational models 
Since the 1980s there have been major advances in computer-based 
simulation models of fluvial processes. Such models provide a valuable tool for 
interpreting and understanding the complexities of change within fluvial systems. 
Indeed, whilst the characterisation of geomorphology as a system science had been 
introduced in the 1960s and 1970s (Chorley, 1962; Chorley and Kennedy, 1971), 
quantitative application and development of the concept could really only begin 
following the advent of digital computers capable of modelling geomorphological 
systems numerically (Church, 2010). A variety of different types of models has 
been developed, each simulating coarse sediment dynamics at a particular scale. 
At one end of the scale are high-resolution, Computational Fluid Dynamics 
(CFD) models. These are based on representing the fundamental physics of flow, 
giving them intensive computational requirements, and consequently the 
simulations they can support generally represent short periods of time, such as a 
single flood event, and small spatial extents, such as a channel reach, or sub-reach. 
CFD models have been used in many different applications including meander 
formation (Olsen, 2003). 
Coarse sediment dynamics can also be quantified using sediment modules 
available within established, 1-D hydraulic models such as HEC-RAS 4.0 
(Brunner, 2006) and ISIS (ISIS, 1999). These models work by solving the St. 
Venent equations for gradually varied, unsteady flow to predict flow velocities and 
depths, and then using a coupled sediment transport function to calculate a 
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sediment transport rate, based on a user-specified flood hydrograph, and a series of 
channel/floodplain cross-sections.  
A potentially significant, relatively recent development has been the 
application of cellular models to represent fluvial systems in a less physically 
complete, but consequently less computationally demanding, manner. The transfer 
of water and sediment between cells is simulated using simple rules, which are 
based on the underlying physics that govern those processes (Nicholas, 2005). 
Because of their reduced computational demands they can be applied over large 
temporal and spatial scales and have been used to provide representations of 
braided rivers (Murray and Paola, 1994), alluvial fans (Coulthard, 2002) and even 
entire river catchments (Coulthard et al., 2005). 
Reach-based sediment balance models have also been used to provide 
simplified representations of coarse sediment dynamics across entire river 
catchments (Biedenharn et al., 2006b). They divide the fluvial network into a 
series of contiguous discrete reaches, averaging morphological properties within 
each reach. Based on these averaged morphological properties, they predict the 
coarse sediment transport capacity of each reach and compare adjacent reaches to 
make judgements about whether each reach has the tendency to accumulate or 
export sediment in an average hydrometric year. 
Any model of coarse sediment dynamics represents a simplified abstraction 
of the complex natural system that is being modelled. Models simplify reality, 
with only those components that are perceived to be of interest being represented 
in a given model. In other words, a computer simulation model should be regarded 
as a useful aid to understanding, but should not be seen as a substitute for direct 
observation (Wainwright and Mulligan, 2004). 
 
2.5.11 Synthesis 
Based on the above review, it is apparent that scientific approaches to the 
treatment of coarse sediment dynamics within river channels and fluvial systems 
have varied dramatically over the past 120 years. Early treatment of the fluvial 
system by 'DYLV¶V (1899 cited in Chorley et al., 1973) µJHRJUDSKLFDOF\FOH¶GLGQRW
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explicitly explain the means by which coarse sediment transport influenced 
channel morphology, instead focussing on description of the impacts that the 
erosion and transfer of coarse sediment over cyclic time-scales had over 
landscape-scale physiography. 'DYLV¶V broad-scale, evolutionary approach was 
superseded by the functionalist approach to explaining coarse sediment dynamics, 
initially led by Gilbert (1914), and later modified by, amongst others, Lacey 
(1939), Lane (1955b), and Leopold and Maddock (1953). Although the nature of 
the functionalist approaches these researchers developed differed, they were 
similar in that they focused on describing and/or explaining local-scale coarse 
sediment dynamics over a graded time-scale within which the catchment-scale 
drivers influencing channel form (flow and sediment regimes) could be considered 
to be relatively steady ± allowing the channel cross-section to adjust to a condition 
of dynamic equilibrium and the channel long-profile to achieve a graded form. 
It has only been since fluvial geomorphology has been considered as a 
µV\VWHPVFLHQFH¶WKDWWKHHYROXWLRQDU\DQGIXQFWLRQDODSSURDFKHVWRXQGHUVWDQGLQJ
coarse sediment dynamics have been reconciled. Important work by Chorley 
(Chorley, 1962; Chorley and Kennedy, 1971) and Schumm (Schumm and Lichty, 
1965; Schumm, 1973; Schumm, 1977) recognised the potential importance of 
interacting processes at different scales, which revealed how coarse sediment 
transport could both explain, and be explained by river channel morphology. 
)XUWKHU GHYHORSPHQW RI µV\VWHPV WKHRU\¶ WKHQ OHG WR WKH UHFRJQLWLRQ RI WKH
importance of non-linear system dynamics when attempting to explain process-
form relationships and process-response mechanisms in fluvial systems. Recent 
applications of computational models have been central to improved 
representations of coarse sediment dynamics, as researchers have taken advantage 
of the processing power now available to explore complexity in the fluvial system 
numerically. 
This review supports the assertion that the ability to model coarse sediment 
transport and characterise sediment transfer through the fluvial system from 
erosional source to depositional sink are critical to understanding, explaining and, 
therefore, managing morphological adjustments in fluvial systems. In addition, the 
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review also provides the historical framework of established theoretical and 
empirical approaches to considering coarse sediment dynamics that should 
underpin the new approach developed in this thesis. Finally, the review 
emphasises the importance of the temporal and spatial scales involved when 
considering the most appropriate means of representing the process-form -
interrelationships and complex process-response mechanisms within the fluvial 
system. 
At the very least this review provides an introductorary context for the 
scientific topic under investigation within this thesis. In fact, it also offers a basis 
on which any new approach to catchment-scale coarse sediment dynamics can be 
both developed and evaluated. Understanding the strengths and weaknesses of 
different historical perspectives is not only useful when designing a new approach, 
but also for recognising its strengths and weaknesses. The next stage in the 
development of a new approach to catchment-scale coarse sediment dynamics is to 
identify a framework of requirements based upon the data and models currently 
available to British river management agencies. This will be the focus of Chapter 
Three. 
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CHAPTER THREE 
 
 
 
Chapter Three: Review - data and techniques currently available for 
assessing catchment-scale coarse sediment dynamics 
 
3.1 Introduction 
Chapter Two identified that there is a need to account for catchment-scale 
coarse sediment dynamics in British river management but that, despite statutory 
recognition of this, there is currently limited practical application of 
geomorphological analysis within river management projects. The aim of this 
chapter is to create a framework of requirements for an approach that 
quantitatively accounts for catchment-scale coarse sediment dynamics in British 
rivers and can be both practically and widely applied. 
The primary limitation on the applicability of the majority of existing 
approaches stems from low existing levels of data availability (Lewin and 
Longfield, 2010). To successfully develop a new approach that is genuinely useful, 
it is necessary to establish the coverage and assess the accuracy of the data 
currently used to describe the parameters of interest in practical assessment of 
coaUVH VHGLPHQW G\QDPLFV 7KHUHIRUH DQ HYDOXDWLRQ RI µXVHIXO¶ GDWD FXUUHQWO\
available for British rivers is performed. This evaluation will assist in designing 
input data requirements for a new approach that is practically applicable at the 
catchment-scale given existing levels of data availability. 
To complete the framework of requirements for the new approach, it is also 
necessary to identify those features of existing approaches that either limit or 
enhance their performance and applicability. Therefore, this chapter also evaluates 
a selection of currently available methods for accounting for coarse sediment 
dynamics. 
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3.2 Evaluation of data currently available at the catchment-scale 
As identified in Figure 2.11, there are a large number of factors that are of 
potential interest to studies of coarse sediment dynamics. They fall broadly into 
two main groups: those describing the nature of flows responsible for transporting 
coarse material; and those describing the supply of the coarse material and its 
resistance to transport. These groups can each be subdivided into two further 
groups. Parameters describing the nature of the flow can be divided into: those 
influencing the flow hydrograph, and those controlling the flow hydraulics. The 
nature and supply of coarse sediment can be split into: variables relating to the 
erodibility of sediment comprising the channel boundaries variables and those that 
describe the quantity and size of material supplied to the reach in question. These 
variables are summarised in Table 3.1, with the parameters of interest illustrated in 
Figure 3.1. The remainder of Section 3.2 will evaluate the available data sources 
relevant to each of these groups. 
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Table 3.1 Parameters of interest to studies of coarse sediment dynamics 
Nature of flows Nature and availability of coarse material 
 
Hydrology 
- Drainage area 
- Climate 
- Rock and soil types 
- Land use / land cover 
 
Hydraulics 
- Slope (energy slope, water 
surface slope, channel bed 
slope, valley slope) 
- Channel cross-section 
geometry 
- Channel roughness (grain 
roughness, bedform 
roughness, channel form 
roughness, vegetation 
roughness) 
 
Erodibility of channel 
- Bed material size (Full distribution, Modal, 
Median - D50, or Mean) 
- Bed material structure (degree of imbrication / 
clustering) 
- Bank material size (Full distribution, Modal, 
Median - D50, or Mean) 
- Bank material structure (layering) 
- Bank vegetation 
- Artificial erosion protection 
 
Supply of coarse material 
- Rate of delivery of coarse material from 
upstream 
- Rate of delivery of coarse material from 
landslides / hill-slope coupling 
- Size of material supplied 
 
 
 
Figure 3.1 Parameters of interest to studies of coarse sediment dynamics 
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3.2.1 Hydrology 
Dominant discharge theory argues that there is a unique flow which, if 
maintained over a prolonged period, would yield the same channel morphology as 
that shaped by the natural sequence of flows (Inglis, 1949). It follows that this 
dominant discharge should be the discharge used in the hydraulic geometry 
relationships described in Section 2.5.7. However, it was not until Wolman and 
Miller (1960) published their seminal paper on magnitude-frequency analysis that 
a rational approach to calculating the dominant discharge was produced. Much of 
the literature concerning quantification of flows that are important to coarse 
sediment tUDQVSRUWVWHPVIURP:ROPDQDQG0LOOHU¶VDQDO\VLVZLWKWKHIORZGRLQJ
PRVWZRUNWKURXJKVHGLPHQWWUDQVSRUWEHLQJUHIHUUHGWRDVWKHµHIIHFWLYH¶GLVFKDUJH
and being identified from the product of sediment transport capacity (magnitude) 
and frequency of occurrence. This effective discharge analysis found that 
geomorphic events of moderate magnitude are often the most effective (Wolman 
and Miller, 1960). Whilst initially applied solely to suspended sediment loads, the 
concept of effective discharge has since been applied to coarse sediment, both in 
the UK (Carling, 1978), and the US (Andrews, 1980). The magnitude-frequency 
analysis has become a foundational concept of fluvial geomorphology, with the 
effective discharge seen as a key metric in the field of river restoration (Shields et 
al., 2003) and stable channel design (Thorne et al., 1998), that has also been 
widely adopted in existing river sediment management tools.  
However, although attractive, the idea that a single flow can represent the 
range of flows actually responsible for either the form of the channel or the 
sediment transported through it is a gross simplification that can never represent 
the true effect of the range of flows that actually transport sediment. Discharge 
varies at several temporal scales: within individual events, from an event to event 
basis, at the seasonal, annual and even long-term scale. Alluvial rivers have the 
potential to adjust their shape and dimension to all flows that can transport coarse 
sediment (Lane, 1955a). Both Soar (2000) and Doyle and Shields (2008) argue 
that, whilst the effective discharge may be the most important to sediment 
transport, the combined importance of the remaining flows within the distribution 
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that are capable of transporting coarse sediment cannot be neglected. That is, 
focusing solely on the effective flow fails to consider whether the combined 
impact of other discharges that are together capable of doing a similar amount of 
geomorphic work, and hence whether thH HIIHFWLYH GLVFKDUJH LV WUXO\ µchannel 
IRUPLQJ¶ %\ ZD\ RI D VROXWLRQ WR WKLV FRQXQGUXP Doyle and Shields (2008) 
SURSRVH WKH XVH RI D QHZ PHWULF WKH µIXQFWLRQDO-HTXLYDOHQW GLVFKDUJH¶ ZKLFK LV
the discharge that reproduces the annual mass of sediment load generated by the 
complete hydrological distribution when all flows produce the same sediment 
transport rate. Despite the attractiveness of this new metric for those applications 
requiring a single discharge to represent the entire flow distribution, of more 
interest to this study is the fundamental point Soar (2000) and Doyle and Shields 
(2008) raise: that a single discharge is unsuitable for quantifying long term, coarse 
sediment loads since it represents only the maximum amount of work performed 
on the channel by a single discharge, rather than the total amount of geomorphic 
work actually performed by the entire range of sediment transporting flows.  
Under circumstances where data defining the time distribution of flow is 
available it is, therefore, preferable to use this rather than replacing it with a single, 
representative value. Using the entire flow distribution avoids a serious loss of 
data and retains the possibility of examining the sediment balance for individual 
WUDQVSRUW HYHQWV ([DPLQDWLRQ RI 6RDU¶V (2000) work on the Whitemarsh Run 
restoration project in Maryland, USA helps to elucidate this point. On the analysis 
of the reach sediment balances for a simulated re-restoration that aimed to create a 
scheme with a balanced reach sediment budget, Soar (2000) found that there were 
disparities between sediment supply and capacity within individual flow classes 
even though the overall flow distribution-based sediment supply and capacity were 
balanced. These disparities demonstrate the potential for short-term, event-driven 
perturbations to the channel morphology that are to be expected in river systems in 
dynamic, meta-stable equilibrium. Further, and perhaps more importantly, they 
demonstrate that the use of a single representative discharge in a reach-based 
sediment budget approach cannot fully represent of the sediment balance in that 
reach.  
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The most common means of representing the entire flow distribution is via 
a flow-duration curve (FDC). A flow duration curve is constructed from gauged 
flow data by ranking flows in decreasing order of magnitude and plotting them as 
a function of exceedence probability (Holmes et al., 2002b). The FDC indicates 
the percentage of time a given discharge has been exceeded during the period of 
record at a particular gauging station (Castellarin et al., 2004). 
The National River Flow Archive (NRFA) provides access to full records 
of daily and monthly river flow data from over 1300 gauging stations throughout 
the United Kingdom (Figure 3.2). The gauging stations are run principally by the 
Environment Agency for England and Wales, the Scottish Environment Protection 
Agency and, in Northern Ireland, the Rivers Agency, with the NRFA being 
maintained by the Centre for Ecology and Hydrology (CEH). This hydrological 
data is freely available and is easily converted into a flow duration curve for each 
gauged site. However, the gauge network is sparse and the historic data record 
relatively short, meaning that the NRFA alone is unable to provide reliable FDCs 
for many British rivers. In fact, gauged reaches comprise less than 1% of the total 
length of British rivers (Young et al., 2000). Consequently, in practice it is 
necessary to generate FDCs synthetically for the vast majority of study locations 
which fall in ungauged tributaries or main river reaches. 
The Low Flow Studies Report (NERC, 1980), developed a standardised 
approach to producing synthetic FDCs based on the physiographic and climatic 
catchment characteristics of rivers in Britain. It showed that, when flows are 
standardised as a percentage of the long-term mean flow, the dependencies on the 
climatic variability across the country and on the scale effect of catchment area are 
minimised. The shape of the standardised FDC indicates the characteristic 
response of a catchment to rainfall. The gradients of standardised, measured FDCs 
for a range of catchments with different geologies (Figure 3.3) illustrate that 
impermeable catchments have high gradient curves, reflecting (1) their highly 
variable flow regimes; (2) their low storage capacity for water, which results in a 
quick response to rainfall, and; (3) their very low flows in the absence of rainfall. 
Low gradient FDCs in permeable catchments indicate that the variance of daily 
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flows is low because of the damping effects of groundwater storage provided 
naturally, for example, by extensive chalk or limestone aquifers. Gustard et al. 
(1992) demonstrated that hydro-geological characteristics are the dominant 
influence on FDC shape in British rivers; thus, approaches to producing 
standardised, synthetic FDCs within Britain are based largely on explanatory 
relationships between FDC shape and catchment hydrogeology. 
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Figure 3.2 Distribution of NRFA flow gauges within Great Britain. Provided by the 
Centre for Ecology and Hydrology. 
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Figure 3.3 Example measured Flow Duration Curves for gauge locations with varying catchment characteristics. Data provided by the Centre for 
Ecology and Hydrology. 
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Traditional regionalisation approaches developed for Britain have made 
use of such observed relationships and developed multivariate regression models 
between flow statistics and catchment characteristics for Britain under the term 
µ/RZ)ORZV¶(Gustard et al., 1992)7KHODWHVWLWHUDWLRQRIWKHµ/RZ)ORZV¶-based 
PHWKRGRORJLHVLVµ/RZ)ORZV¶(Holmes et al., 2002b)µ/RZ)ORZV¶LV
software that uses a region of influence (ROI) approach to automatically derive a 
FDC for an ungauged site based on the FDCs observed at ten gauging stations that 
have catchment characteristics similar to the ungauged site in question. However, 
whilst it is an ideal data source for representing the hydrology of all channels 
within Britain, due to software licensing restrictions it has been necessary to 
consider alternative, but similar, means of estimating flow duration curves for 
ungauged sites within this study.  
In RUGHUWRGHULYHIORZGXUDWLRQFXUYHVLQDVLPLODUPDQQHUWRµ/RZ)ORZV
¶ WKH IROORZLQJ GDWD LV QHFHVVDU\: catchment drainage area; average annual 
rainfall; average annual potential evaporation; and hydrogeological soil type. The 
remainder of this section will explore the availability of this data within British 
river catchments. 
Drainage area for any location in Britain can be obtained using the 
µ+\GURORJLFDO'LJLWDO7HUUDLQ0RGHORIWKH8.¶+'70SURYLGHGE\WKH&HQWUH
for Ecology and Hydrology (CEH). This raster dataset provides the drainage area 
for every 50m grid cell in Britain (Figure 3.4). It is based on a digital elevation 
model that is processed to derive the catchment drainage network. First, a routing 
algorithm is applied which determines the flow of water through the catchment by 
GHWHUPLQLQJ WKH GLUHFWLRQ RI VWHHSHVW GRZQKLOO GHVFHQW XVLQJ WKH µ' DOJRULWKP¶
(Burrough and McDonnell, 2004). This algorithm approximates the flow direction 
from a DEM grid cell using the steepest downhill slope within a 3x3 window of 
cells. This results in flow in one of eight different directional values. Based on this 
process, it is possible to determine the drainage network and the contributing area 
that flows into each grid cell. However, when a continuous surface like a 
catchment is approximated by a grid of cells it is inevitable that some cells will be 
surrounded by neighbours that all have higher elevations (Wechsler, 2006). These 
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pits could be real, closed depressions or merely artefacts of the gridding process. 
They disrupt the routing process and therefore need to be removed in order to 
represent drainage area. This is either achieved by: cutting through adjacent 
boundary cells to find the next downstream cell; or increasing the elevation of the 
cell in question until it is equal to one or more of its neighbours (Wechsler, 2006). 
Unfortunately, it is not possible to evaluate the accuracy of the HDTM 
PDGH DYDLODEOH WKURXJK &(+ EHFDXVH RI D ODFN RI GDWD ZLWK ZKLFK WR µJURXQG
WUXWK¶,WLVWKHUHIRUHDVVXPHGWKDWJLYHQLWVSRVLWLRQDVDVWDQGDUGGDWDVHWXVHGE\
hydrologists, it is suitable for estimations of catchment drainage area. 
Average annual rainfall throughout Britain is obtainable as a digital raster 
dataset through the Centre for Ecology and Hydrology. It is based upon monthly 
rainfall measurements from 1961-2007 which have been integrated to yield a 46 
year average annual rainfall depth for every 1km grid cell in Britain (Figure 3.5). 
As with the HDTM dataset, it is not possible to evaluate the accuracy of the 
rainfall data made available through CEH because of a lack of data with which to 
µJURXQG WUXWK¶ 2QFH DJDLQ WKHUHIRUH LW LV DVVXPHG WKDW JLYHQ LWV SRVLWLRQ DV D
standard dataset used by hydrologists, it is suitable for estimations of catchment 
drainage area. 
Average annual potential evaporation values for any location within 
BriWDLQFDQEHHVWLPDWHGXVLQJWKH0HWHRURORJLFDO2IILFH¶VµMeteorological Office 
5DLQIDOODQG(YDSRUDWLRQ&DOFXODWLRQ6\VWHP¶MORECS). Unfortunately, due to 
licensing restrictions this was not available for this study. However, Grindley 
(1970) published much of the progress made by researchers from the 
Meteorological Office on the estimation and mapping of evaporation in the United 
Kingdom. Based on his scaled map of average annual potential evaporation for 
England and Wales, it was possible to derive a digital raster dataset for use in this 
study. This was achieved by geo-UHFWLI\LQJ*ULQGOH\¶VRULJLQDOPDSGLJLWLVLQJWKH
contours and interpolating between them to produce Figure 3.6. Again, because of 
a lack of data witKZKLFKWRµJURXQGWUXWK¶LWKDVQRWEHHQSRVVLEOHWRHYDOXDWHWKH
accuracy of this data. 
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Figure 3.4 Hydrological Digital Terrain Model (HDTM) for Great Britain. Provided by 
the Centre for Ecology and Hydrology. 
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Figure 3.5 Average annual rainfall in millimetres for Great Britain. Provided by the 
Centre for Ecology and Hydrology. 
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Figure 3.6 Average annual potential evaporation in millimetres for England and Wales. 
Digitised from Grindley (1970). 
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Hydrogeological soil type data for the entire of Great Britain was 
developed originally by Boorman et al. (1995) as part of a research project for the 
Institute of Hydrology. In their study, Boorman et al. (1995) developed a 
hydrologically-based classification of the soils of the United Kingdom. The 
classification was based on conceptual models of the processes that occur in the 
soil and the underlying substrate. The resulting scheme is known by the acronym 
HOST, standing for Hydrology of Soil Types. HOST has 29 classes, with soils 
assigned to classes based on their physical properties and the hydrogeology of 
their substrate. Digital copies of this dataset are available through the National 
Soils Research Institute, and the Macaulay Land Use Research Institute, for 
England and Wales, and Scotland respectively. 
Despite the lack of evaluation of the individual datasets, some indication of 
their accuracy and utility can be taken from the results of Young et al. (2000). 
Young et al. (2000) DSSOLHGHDFKRIWKHGDWDVHWVGHVFULEHGDERYHZLWKLQWKHµ/RZ
)ORZV¶PHWKRGRORJ\DQGDFKLHYHGZKDWWKH\GHHPHGWREHDQDFFHSWDEOHOHvel of 
accuracy when predicting the mean annual flow (ܳெ஺ி), and the flow exceeded 
95% of the time (ܳଽହ) for the dataset used to construct the model (factorial 
standard error of 22% and 55% respectively). 
This review of available hydrology data is used within Section 6.6.2, where 
the methodology for estimating flow duration curves within the new approach for 
quantitatively accounting for catchment-scale coarse sediment dynamics is 
described. 
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Figure 3.7 Hydrology of Soil Types classification for Great Britain. Provided by the 
National Soils Research Institute for England and Wales, and the Macaulay Land Use 
Research Institute for Scotland. 
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3.2.2 Hydraulics: cross-section geometry 
The cross-sectional form of natural channels is characteristically irregular 
in outline and locally variable. When considering small-scale channel changes, 
detailed representation of channel morphology is justified since, whilst 
morphological changes are generally driven by catchment-scale processes, the 
impact that these broad-scale processes have on local channel change is influenced 
by local morphological controls on erosion and deposition. This was clearly 
GHPRQVWUDWHG E\ $VKZRUWK DQG )HUJXVRQ¶V (1986) exploration of the complex 
interactions between spatial and temporal variations in channel morphology 
velocity and shear stress, bed-load transport rate, and bed-load and bed material 
size distribution (Figure 2.10). Ashworth and FHUJXVRQ¶V (1986) findings were 
ODWHU VXSSRUWHG E\ /DQH DQG 5LFKDUGV¶s (1997) study of erosion and deposition 
patterns in a reach of the %RUJQH G¶Arolla River in the Swiss Alps where they 
found that local channel morphology determined the manner in which sediment 
supply and discharge fluctuations interacted to control the form of channel change 
within the reach. However, despite Lane and RichardV¶V claim that channel 
morphology has an important effect on the ability of a reach to move sediment, 
others have argued that, for situations where a process has a characteristic time-
scale which is much shorter than the time-scale of interest, representation of 
FKDQQHO PRUSKRORJ\ PD\ EH µUHOD[HG¶ DOWKRXJK QRW LJQRUHG (Church and Mark, 
1980). It is this latter line of thought that justifies some approaches to coarse 
sediment dynamics simplifying representations of channel section morphology 
when accounting for catchment-scale processes over extended time periods. 
Whether or not detailed channel morphology is considered important in 
influencing broad-scale coarse sediment dynamics, consistent, widespread surveys 
of channel cross-section are currently unavailable throughout British rivers. The 
(QYLURQPHQW $JHQF\¶V µ6HFWLRQ ¶ VXUYH\V so-called due to their conception 
from the needs of Section 105(2) of the Water Resources Act 1991, have limited 
coverage within Britain, and surveys performed by private consultancy firms on 
behalf of the Environment Agency are generally site specific with little effort 
made to compile a national database. As identified above, whilst detailed channel 
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morphology is critically important for analysis of morphological change over short 
time- and space-scales, when considering sediment dynamics at the catchment-
scale it is justifiable to simplify representations of channel morphology. 
Nevertheless, as argued by Lane and Richards (1997), channel morphology still 
influences broad-scale system behaviour and therefore alternative means of 
representing channel cross-section dimensions are necessary. 
One potential solution to this problem involves adopting the principles of 
µK\GUDXOLF JHRPHWU\¶ LQWURGXFHG LQ 6HFWLRQ 2.5.7. As downstream hydraulic 
geometry relations provide a quantitative description of how channel width and 
GHSWK YDU\ ZLWK FKDQJLQJ GLVFKDUJH LW LV SRVVLEOH WR SUHGLFW D FKDQQHO¶V
dimensions based on a representative discharge using relations similar to those in 
Equation 2.11 and Equation 2.12 that were derived by Leopold and Maddock 
(1953). 
Numerous hydraulic geometry studies in a variety of environmental 
settings have since widened the potential range of the exponents in Equation 2.11 
and Equation 2.12 from those originally derived by Leopold and Maddock (1953). 
Values of ܾ and ݂ have been found to range from 0.39 to 0.6, and 0.29 to 0.4 
respectively (Ming, 1983), although they have been summarised as falling most 
frequently in the range 0.4 to 0.5, and 0.3 to 0.4 respectively (Park, 1977; Rhodes, 
1987). The cause of this variation lies in the dependence of hydraulic geometry 
relations on a range of environmental factors including climate, physiography and 
geology (Park, 1977). Therefore, if hydraulic geometry relationships are to be 
considered within the context of this thesis then they should be based on 
environments specific to British rivers such as those developed by Nixon (1959): 
 ݓ ൌ  ? ?? ?ܳ ௕௙଴ ?ହ 
Equation 3.1 ҧ݀ ൌ  ?ܳ௕௙଴ ?ଷଷଷ 
 Equation 3.2 
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where ܳ௕௙ is bankfull discharge, which Nixon equated with the flow exceeded 
0.6% of the time.  
However, there is a fundamental problem with using cross-section 
geometry derived from empirical hydraulic geometry relationships within 
assessments of coarse-scale sediment dynamics. Almost by definition, hydraulic 
geometry relationships describe the condition of a channel when it is in some form 
of averaged state, potentially near equilibrium. Therefore if, when accounting for 
coarse sediment dynamics channel geometry is defined by hydraulic geometry 
relationships, it will most likely result in the channel being identified as in 
equilibrium. For example, in reality the channel may be wider than predicted by 
hydraulic geometry relationships and it would therefore experience deposition and 
channel narrowing. Further, because they are based on averaged conditions, 
traditional hydraulic geometry relationships generate an artificially smooth 
representation of downstream changes in channel morphology. As a result, they 
are generally insensitive to variations in the downstream trend that are important to 
catchment-scale coarse sediment dynamics. Whilst some efforts have been made 
to generate hydraulic geometry relationships that vary continuously with 
explanatory variables other than discharge (Rhoads, 1991), their predictions 
remain inherently based upon an assumption of equilibrium form. As a result, 
channel geometries based upon hydraulic geometry relationships will result in 
conditions that are artificially biased towards equilibrium and therefore do not 
represent instabilities that may be of interest. 
A second source that could potentially provide information on channel 
cross-VHFWLRQ JHRPHWU\ WKURXJKRXW %ULWLVK ULYHUV LV WKH (QYLURQPHQW $JHQF\¶V
River Habitat Survey (RHS) database. The RHS is a system for assessing the 
character and habitat quality of rivers based on their physical structure (Raven et 
al., 1998b). It has four distinct components: (i) a standard field survey method; (ii) 
a computer database, for entering results from survey sites and comparing them 
with information from other sites throughout the UK and Isle of Man; (iii) a suite 
of methods for assessing habitat quality; and (iv) a system for describing the extent 
of artificial channel modification. The RHS field method itself is a systematic 
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collection of data associated with the physical structure of watercourses. Data 
collection is based on reaches that are a constant 500m in length. Map information 
is collected for each 500m reach and includes grid reference, altitude, slope, 
geology, height of source and distance from source. During the field survey, 
features of the channel (both in-stream and banks) and adjacent river corridor are 
recorded. Channel substrate, habitat features, aquatic vegetation types, the 
complexity of bank vegetation structure and the type of artificial modification to 
WKHFKDQQHODQGEDQNVDUHDOOUHFRUGHGDWHDFKRIµVSRW-FKHFNV¶ORFDWHGat 50 m 
LQWHUYDOV $ µVZHHS-XS¶ FKHFNOLVW LV DOVR FRPSOHWHG WR HQVXUH WKDW IHDWXUHV DQG
modifications not occurring at the spot checks are recorded. Cross-section 
measurements of water and bankfull width, bank height and water depth are 
estimated at one representative location to provide information about 
geomorphological processes acting on the channel. The number of riffles, pools 
and point bars found in the site is also recorded. In all, more than 200 compulsory 
data entries are made at each site, collectively building a comprehensive picture of 
habitat diversity and character (Raven et al., 1998b).  
Despite its primary purpose as a means of assessing habitat quality and 
naturalness, and because of the lack of alternative official data collection systems 
for parameters relating to channel morphology, the data provided by the RHS 
provides the first major coverage of channel geometry for British rivers (Newson 
et al., 1998). Whilst not a geomorphological survey, in order to fulfil its primary 
objective of recording habitats a basic awareness of river processes and features 
was required within the RHS. Therefore, some consideration of geomorphological 
features that would be both diagnostic of wildlife habitat quality and of benefit to 
geomorphological research was given in its design (Newson et al., 1998). 
Incorporated within the RHS are the following broad categories of 
geomorphological information: 
x topographic information from maps, e.g. altitude, slope and planform; 
x photographic information (site photographed at time of survey); 
x qualitative information on basic form, e.g. valley shape, naturalness of 
channel; 
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x qualitative information on detailed form, e.g. bank profiles; 
x observed (not measured) channel dimensions, e.g. bankfull height, width; 
x qualitative description of boundary materials, e.g. bank material, bed 
material; 
x bank features, e.g. eroding cliff; 
x natural channel features, e.g. riffles, bars (numbers, not size, location); and 
x artificial channel features, e.g. piling, gabions. 
Since the RHS was first conceived in 1994, over 17,000 surveys have been 
completed, resulting in an impressive collection of information on British rivers 
(Figure 3.8A). However, the coverage of British river catchments is by no means 
consistent (Figure 3.8B compared with Figure 3.8C), which creates practical 
difficulties for any approach that attempts to use RHS data within a large number 
of British river catchments. Further, the RHS reaches are designed to be a 
statistical sample of the habitat conditions observed within different types of river 
reaches throughout Britain. As a result, the RHS cannot be treated as a continuous 
representation of channel morphology within a river catchment. Channel width 
and depth vary continuously both within and between RHS sampling reaches, and 
this becomes notably problematic when representing channel morphology in river 
catchments with very few RHS sampling reaches (Figure 3.8C). This means that 
RHS data are not sufficient to provide the continuous coverage of the entire British 
river network that would be ideal for widespread catchment-scale assessment of 
coarse sediment dynamics. 
A final alternative source of channel geometry data for British rivers is 
through the UK OrdnaQFH 6XUYH\¶V PDSSLQJ GDWD 26 0DVWHU0DS LV WKH ODWHVW
generation of mapping products produced by the Ordnance Survey and replaces 
prior vector-based spatial databases such as OS Land Line (OS, 2001). In 
MasterMap, a line object is used to define the position of a river where its width is 
less than 1 metre in urban areas and 2 metres in rural, mountainous and moorland 
areas. Where the river width exceeds these limits, it is represented as a polygon 
(Figure 3.9). The width of the polygon is, somewhat ambiguously, defined as the 
width at the normal winter level (OS, 2001). 
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Figure 3.8 (A) Distribution of surveyed RHS sites within Great Britain.  
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Figure 3.8 (B) Distribution of surveyed RHS sites within the Taff catchment, South Wales. (C) Distribution of surveyed RHS sites within the Kent 
catchment, Cumbria. 
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Assessment of the accuracy of widths represented by OS MasterMap was 
undertaken by Barker (2008). Barker (2008) took a series of bankfull channel 
width measurements along the River Alne in Warwickshire and the upper reaches 
of the River Severn in Wales and compared them with the widths represented by 
the OS MasterMap data. The results are replicated in Figure 3.10. For the River 
Alne, it can be seen that there is a tendency for width to be greater when measured 
in the field than with the MasterMap data, with differences being the greatest in 
the headwaters and reducing downstream. The normal winter level, the definition 
for MasterMap channel width, should be less than the measured bankfull channel 
width if the common assumption that channel forming flows have a recurrence 
interval of approximately 2 years is correct.  
The relationship between MasterMap width and field measured widths on 
the River Alne is not parallel with the 1:1 line plotted in Figure 3.10A. This 
indicates that error changes with the magnitude of the width values. After 
combining the River Alne data with the measurements taken on the River Severn, 
Barker (2008) observed that a much-improved relationship exists between field 
measured and MasterMap widths. Whilst still not a perfect agreement, 97% of the 
variation in field measured width is explained by the MasterMap data, and the 
slope of the line suggest a near 1:1 agreement (0.978). Therefore, OS MasterMap 
data can be used to inform channel geometry within systems that account for 
catchment-scale coarse sediment dynamics in British rivers, although it should be 
noted that the accuracy of MasterMap width measurements has been shown to 
deteriorate within smaller channels (Barker, 2008). 
This review of available cross-section geometry data is used within Section 
6.6.4, where the methodology for parameterising channel widths within the new 
approach for quantitatively accounting for catchment-scale coarse sediment 
dynamics is described. 
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Figure 3.9 Representation of channel widths in MasterMap. (A) MasterMap 
representation of channel width at the confluence of the Afon Einon and Afon Banwy, mid-
Wales. (B) Application of lines and polygons to represent channels of different widths 
within MasterMap.  
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Figure 3.10 Relationship between widths measured using MasterMap and field 
procedures, (A) for just the River Alne: r2 =  0.76; p <  0.0001, and (B) for the Rivers Alne 
and Severn: r2 =  0.97; p <  0.0001. Taken from Barker (2008).  
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3.2.3 Hydraulics: slope 
Channel slope is the change in channel elevation per unit distance 
downstream. Since the mechanical energy responsible for mobilising flowing 
ZDWHU LV JHQHUDWHGDV D UHVXOW RI WKH UHOHDVHRI WKHZDWHU¶VSRWHQWLDO HQHUJ\ DV LW
moves down-slope, the gradient has important consequences for the energy of the 
stream flow and the potential to transfer coarse sediment. TKH µHQHUJ\ VORSH¶
describes the expenditure of energy within the water column with respect to 
distance downstream (Chow, 1973), but channel slope is often used as an 
approximation based on an assumption of uniform flow (Ferguson, 2005). The key 
issue in selecting a means of representing slope revolves around scale. Some 
studies (Lawler, 1992a; Knighton, 1999) have experimented with the use of 
functional equations to provide a simplified representation of the slope of 
longitudinal river profiles across entire catchments. However, these have often 
been found to be limited, as demonstrated on the River Trent, UK by Knighton 
(1999). In this case, Knighton (1999) found that the slope values taken from 
profile equations had important differences to those observed in reality due to the 
importance of local-scale YDULDWLRQ.QLJKWRQ¶V (1999) findings are supported by 
)RQVWDG¶V (2003) work in the Costilla basin in the central Sangre de Cristo 
Mountains, New Mexico, where he found that hydraulic geometry relations for 
slope significantly under-predicted the channel slope in the upper catchment and 
failed to predict important longitudinal nick-points and scarps in the profile.  
On the other hand, delineating slope at too high a spatial resolution can 
also be unsuitable for sediment analysis at the catchment-scale. When using high-
resolution measurements of slope, there are questions regarding the importance of 
the local variations in bed elevation caused by bed forms, such as riffle/pool and 
step/pool formations, for broad-scale sediment dynamics. This issue is similar to 
that raised in Section 3.2.2, where questions were raised regarding the importance 
of local-scale variations in channel morphology in assessments of catchment-scale 
coarse sediment dynamics. As above, it is considered here that the effects of small-
scale slope variations caused by local bed topography may not be totally 
insignificant within catchment sediment dynamics, but their inclusion can distract 
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from macro-scale slope changes that play a more important role within catchment-
scale sediment dynamics. It is therefore necessary to obtain accurate 
representations of channel slope at a scale suitable for assessing catchment-scale 
sediment dynamics. 
The RHS database introduced above contains a quantification of channel 
slope for the surveyed reach estimated from map based data (Newson et al., 1998). 
However, there are issues regarding the accuracy and consistency of these slope 
values and, considering the important role of slope in driving coarse sediment 
dynamics, a more accurate data source is necessary. The obvious solution to this is 
to derive channel slope from Digital Elevation Models (DEMs) using a 
Geographical Information System (GIS). 
Finlayson and Montgomery (2003) describe their application of DEMs in 
calculations of channel slope and highlight an important issue regarding the grid 
resolution of the DEM used. They found that a reduction in the grid cell resolution 
used can cause an artificial decrease in the variability of derived slope 
measurements as coarser grid sizes cannot resolve fine landscape features. 
Application of DEMs within topographic modelling is also strongly dependent on 
the vertical resolution of the data. DEMs that measure elevation to the nearest 
metre generally create stepped profiles and result in poor representations of slope. 
It is therefore important to obtain slope measurements from a DEM with as high a 
horizontal and vertical resolution as possible, and then re-sample to a coarser 
spatial resolution if necessary. 
The highest resolution DEMs that are currently widely available in Britain 
are derived from LiDAR (Light Detection and Ranging), which is an airborne 
mapping technique which uses a laser to measure the distance between the aircraft 
and the ground at spatial resolutions of up to two metres. The Environment 
Agency (EA) has purchased its own LiDAR system, which it has installed in a 
survey aircraft along with its other operational remote sensing instruments to 
survey catchments of interest to flood risk management within the UK. The EA 
LiDAR dataset represents the most accurate remotely sensed source of elevation 
data available, with a vertical RMSE (Route Mean Squared Error) of +/-0.15m, 
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and horizontal RMSE of +/-1m. Whilst not providing a complete coverage of all 
ULYHU FDWFKPHQWV LQ %ULWDLQ WKH (QYLURQPHQW $JHQF\¶V GDWDVHW GRHV FRYHU WKH
majority of significant river channel paths in England and Wales, enabling the 
calculation of channel slope for the majority of British rivers (Figure 3.11). The 
KRUL]RQWDOUHVROXWLRQRIWKH($¶V/L'$5GDWDYDULHVIURPPWRPJULGFHOOV
(Figure 3.11). 
Other potential sources for channel slope measurements include the 
NEXTMap Britain Digital Elevation Model, which was derived using 
interferometric synthetic aperture radar (IfSAR). It operates in a similar manner to 
LiDAR except that it uses radio waves instead of light waves. This dataset has the 
advantage that, because IfSAR technology allows large areas to be mapped 
efficiently and independently of weather conditions, there is a much more 
consistent coverage across Britain. The NEXTMap data are available at a 
horizontal resolution of 5m grid cells. Dowman et al. (2003) found that in flat 
areas the NEXTMap Britain DTM has a vertical accuracy of +/-0.6m RMSE and 
in hilly terrain a vertical accuracy of +/-2.64m RMSE. Whilst the best 
approximation to the elevation of the surface is in open areas such as floodplains, 
it has been found that accuracy of slope measurements increases in steeper areas 
because of the greater differences in elevation (Lane and Chandler, 2003).  
A final potential source of slope data is the Ordnance Survey Landform 
Profile DTM which is available for all of Britain. This data is based on a 
combination of photogrammetry, where height values are measured based on 
photographic images, and topographic survey. The horizontal resolution of these 
data are 10m grid cells. The OS Landform Profile DTM was originally available in 
the form of contour maps, with a vertical spacing of 5m in lowland areas and 10m 
in mountainous / moorland areas. Since these contour maps have been converted 
into DEMs they offer a vertical accuracy of +/-2.5m RMSE and +/-5m RMSE in 
lowlands and mountains respectively. 
There are a variety of methods for calculating slope from the digital 
elevation models described above. Past researchers have applied a fitted curve, 
generally in the form of an exponential function, to represent slope at the 
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catchment-scale (Lawler, 1992a; Knighton, 1999). Other researchers who have 
used DEM models to calculate slope have investigated the potential of both 
vertical- and horizontal-slice measurement approaches (Reinfelds et al., 2004; Jain 
et al., 2006) The three different approaches that have been considered in this study 
are based on: i) curve fitting, ii) a horizontal slice approach, and iii) a vertical slice 
approach. 
Curve fitting approaches to slope representation are generally in the form 
of simple exponential models of channel long profiles generated either 
theoretically (Rana et al., 1973; Lawler, 1992a), or empirically (Knighton, 1999; 
Jain et al., 2006) and typically in the form: 
 ܧ ൌ ܽ ȉ ݁ି௕ȉ௅ 
Equation 3.3 
 
with long profile slope approximated by: 
 ܵ ൌ ሺെሻܾ ȉ ܽ ȉ ݁ି௕ȉ௅ ൌ ݇ ȉ ݁ି௕ȉ௅ 
Equation 3.4 
 
where ܧ is elevation above a datum (m), ܵ is slope, ܮ is downstream distance (m), ܵ଴ is the initial slope, and ܾ is the coefficient of slope reduction. This type of 
function describes slope as being steepest in the headwaters and becoming 
shallower at a decreasing rate with distance downstream. This is considered by 
VRPHWRUHSUHVHQWWKHORQJSURILOHRIIOXYLDOV\VWHPVWKDWDUHDGMXVWHGWRDµJUDGHG¶
condition (Lawler, 1992a; Knighton, 1999), a concept that dates back to the work 
by Davis and Gilbert explored in Section 2.5, and refers to a state where a river 
FKDQQHO¶V PRUSKRORJ\ LV DGMXVWHG VR WKDW LWV IORZV FDQ convey precisely the 
amount of sediment delivered to it from upstream. Barker (2008) found that, when 
applied to a selection of 34 British rivers, the exponential function explained over 
83% of the variation in slope in all cases, with 23 of the sampled rivers having 
over 95% of the variation in slope explained by an exponential function. 
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Figure 3.11 Location and resolution of Environment Agency LiDAR data coverage across 
Great Britain. 
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However, despite the high levels of statistical explanation, fitted curves fail 
to represent local variations in slope present within natural long profiles. In a 
similar manner to hydraulic geometry representations of channel morphology 
discussed in Section 3.2.2, using a consistent trend to represent slope neglects the 
discrepancies in slope that are important in generating discontinuities in coarse 
sediment transfer within natural river systems. In his application of exponential 
curves to 34 British rivers, Barker (2008) found that, despite high levels of 
statistical explanation, the fitted curves failed to identify important local increases 
and decreases in slope. These findings echo those of Harmar and Clifford (2007), 
who demonstrated that, although the long profile of the Lower Mississippi River is 
concave at the catchment-scale, the profile is characterised by local discontinuities 
and shorter trends. Harmar and Clifford (2007) showed that this variability is a 
response to morphological and bed material changes relating to a range of natural 
(geological, tectonic, tributary input) and engineering controls. Based on this they 
argued that a concave river profile is a property that emerges from several scales 
of process±form interaction. 
As a result of similar findings in the River Trent catchment, Knighton 
(1999) suggested that assessments of downstream variation in parameters like 
stream power and sediment transport capacity should be based on cartographically 
measured slopes rather than slopes derived from fitted curves, because the latter do 
not always adequately represent local variations in gradient. 
Horizontally sliced slope measurements involve cartographically 
measuring slope over a regular downstream distance (d) as demonstrated by 
Reinfelds et al. (2004) and Jain et al. (2006). Slope is calculated by dividing the 
height drop between two points by the downstream distance between them, with 
the slope value attributed to a point halfway between them: 
 ܵ௡ ൌ ܧ௡ିௗ ଶൗ െ ܧ௡ାௗ ଶൗ݀  
Equation 3.5 
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where ܵ௡ is the slope at a point a certain distance, ݊ ,downstream, and ݀ is the 
distance over which slope is measured (Figure 3.12). 
One potential limitation with horizontal slice approaches to slope 
measurement is the occurrence of zero, or flat slopes. Since digital elevation 
models have a limited vertical resolution, if a height drop is not achieved over the 
specified slice length then the measured channel slope value is zero. As it is often 
necessary to assume that channel and energy slope are parallel, and because a zero 
energy slope value is physically unrealistic, zero slope values need to either be 
avoided or removed from the analysis. 
Barker (2008) demonstrated how measured slope changes over horizontal 
slice lengths of 0.1 to 30km. This analysis demonstrated that the range of slope 
values for a particular river decreases as the horizontal slice width increases so that 
increasing the horizontal slice width has a smoothing effect on the overall slope 
profile. As a result, if the slope measurement interval is too short then the scatter 
in the longitudinal profile is high and detecting the general downstream trends is 
difficult; but if the slope measurement interval is too great then the slope profile is 
smoothed so general catchment trends can be detected but potentially important 
within-basin variations in slope are lost or dampened. 
%DUNHU¶V(2008) analysis also demonstrated that as horizontal slice width is 
increased, the number of zero slope values decreases. This is because increasing 
the distance over which slope is measured increases the likelihood of a measurable 
decrease in elevation. A final consequence of varying the horizontal slice width 
identified by Barker (2008) is that the number of slope measurement points is 
reduced as the slice width is increased. This is because slope is measured at the 
midpoint of the horizontal slice, and so slope can neither be calculated for the first 
half of a slice length of the elevation sequence, nor for the last half of a slice width 
at the end of the elevation sequence.  
Based on consideration of the above factors, and analysis of a number of 
test datasets, Barker (2008) concluded that a horizontal slice width of 1 km 
provided a compromise between the high scatter and damping of the longitudinal 
trends of slope that result from overly short or long measurement intervals. 
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Apart from the horizontal slice width, another aspect of the horizontal slice 
approach to slope measurement that can be varied is whether the slope 
measurements are overlapped or kept as discrete sections. Overlapping involves 
taking repeated horizontally sliced slope measurements at intervals shorter than the 
width of the horizontal slices so that adjacent slope measurements partially overlap 
(Figure 3.12A). In contrast, discrete horizontally sliced measurements are taken at 
intervals equal to the slice width so that each slope measurement is over a distinct 
length of channel (Figure 3.12B). Barker (2008) argued that, since the discrete 
approach results in a significant amount of data being discarded, the overlapping 
technique provides a better representation of variation in slope along the long 
profile of natural rivers.  
Vertically sliced slope measurements involve cartographically measuring 
slope by finding the downstream distance necessary to complete a regular vertical 
drop (h). The main advantage to measuring slope in this manner is that the length 
over which slope is calculated varies in order to achieve the required vertical drop. 
This means that the physically unrealistic zero slope values associated with 
horizontal slope measurements are avoided. Barker (2008) found that the vertical 
slice approach results in greater maximum slope values than the horizontal slice 
approach. This is particularly the case in the headwaters of a river where the 
required height drop may be achieved between extremely short distances. Barker 
(2008) also demonstrated that in lowland reaches, excessively long downstream 
distances are necessary to achieve the required drop in elevation. As a result, the 
length over which slope measurements are assigned is extremely variable when 
applying the vertical slice technique (Figure 3.13). 
In order to evaluate the implications of the resolution and accuracy of the 
various sources of elevation data and slope measurement techniques outlined 
above, they were each applied to several test catchments. The test applications 
illustrated in Figure 3.14 to Figure 3.17 refer to the Afon Einon catchment in mid-
Wales, and the River Taff catchment in South Wales. These two catchments are 
described in more detail in Section 7.3. 
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Figure 3.12 Horizontal slice measurements of slope. (A) Overlapping horizontal slices. 
(B) Discrete horizontal slices. 
 
 
  
109 
 
Figure 3.13 Vertical slice measurement of slope.  
 
Figure 3.14 compares the elevation and derived slope values along the 
main stem of the Afon Einon when using three different elevation sources: a 
topographic survey XVLQJDµWRWDOVWDWLRQ¶; a NEXTMap IfSAR DEM; and an OS 
Landform Profile DEM. The topographic survey measured the elevation of the 
channel bed at the thalweg at 50m intervals along the main stem of the Afon 
Einon. For the purposes of this comparison, it is assumed that the topographic 
VXUYH\UHSUHVHQWVWKHµWUXH¶HOHYDWLRQDQGVORSHDORQJWKH$IRQ(LQRQPDLQVWHP
All three data sources appear to perform similarly. However, closer examination of 
the OS Landform Profile elevation data reveals that it has a stepped downstream 
profile. This is due to it being sourced from 10-metre contour lines, which can 
impact on the derived slope measurements, resulting in artificial peaks and troughs 
that relate to the steps down and across the contours. In general, the NEXTMap 
elevation data appears to be far more consistent with respect to WKHµWUXH¶HOHYDWLRQ
although, in a few places the NEXTMap and surveyed elevations diverge, 
resulting in discrepancies between the derived slope values.  
The stepped long profile in OS Landform Profile elevation data is more 
evident in Figure 3.15, where it is compared with a long profile derived from 
LiDAR elevation data for the River Taff main stem in South Wales. The impact 
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that this stepped profile has on derived slope measurements is also obvious here. 
Based on this analysis, OS Landform Profile elevation data may not, therefore, 
always be suitable for estimates of slope within catchment-scale assessments of 
coarse sediment dynamics.  
Figure 3.16 compares four methods of deriving slope using the LiDAR 
elevation data for the River Taff main stem: i) a simple exponential model; ii) an 
overlapped horizontal slice approach; iii) a discrete horizontal slice approach; and 
iv) a vertical slice approach. The slope derived from an exponential curve fit to the 
elevation data (ܵ ൌ  ? ?? ? ? ?ȉ ݁ି଴ ?଴଴଴଴଺ȉ௅) reproduces the general trend of declining 
slope through the long profile but, as discussed above and identified by others 
(Knighton, 1999; Harmar and Clifford, 2007; Barker, 2008), this type of slope 
representation does not represent local variations within basin trends which are 
often important to coarse sediment dynamics. As expected, the two horizontal slice 
approaches produce similar slope measurements, although the discrete method 
results in fewer unique slope values. They also both result in physically unrealistic 
zero slope values in several parts of the long profile. As suggested above, the 
vertical slice approach avoids slope values of zero and in this aspect it is preferable 
to the two horizontal slice approaches. However, as demonstrated by Figure 3.16, 
the length over which slope is measured is not equally spread throughout the basin 
which could cause issues with the practical application of slope values. 
Figure 3.17 demonstrates the impact of varying the horizontal slice width 
used to measure slope on the LiDAR based long profile of the River Taff main 
stem. This figure supports the findings of Barker (2008) who showed that: 
measurements over short slice widths (50m) result in a high level of scatter; and 
measurements over long widths (5000m) result in dampening of longitudinal 
trends of slope. It is impossible to make a definite conclusion on the most 
appropriate slice width over which slope should be measured as it is dependent on 
the scale at which processes that are deemed important are acting. No means of 
objectively identifying the most appropriate slice width is offered here and instead 
expert judgement is recommended, taking into account the factors identified 
above. 
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This review of available elevation data and slope measurement is used 
within Section 6.6.3, where the methodology for parameterising slope within the 
new approach for quantitatively accounting for catchment-scale coarse sediment 
dynamics is described. 
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Figure 3.14 Elevation and 250m horizontal slice measurements of slope on the Afon Einon main stem long profile using different elevation 
sources. 
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Figure 3.15 Elevation and 250m horizontal slice measurements of slope on the River Taff main stem long profile using different elevation sources.  
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Figure 3.16 Slope measurements on the River Taff main stem long profile using a LiDAR digital elevation model and different slope measurement 
techniques. 
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Figure 3.17 Slope measurements on the River Taff main stem long profile using a LiDAR digital elevation model, overlapped horizontal slice slope 
measurements and different horizontal slice widths.  
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3.2.4 Hydraulics: channel roughness 
%XOO¶V (1979) examination of critical stream power thresholds identified 
that it is not solely the erosion resistance of channel boundary sediments that 
affects the stream power necessary to entrain sediment, but that the hydraulic 
resistance of the channel also plays an important role. Hydraulic roughness 
controls the relationship between flow velocity and depth, and describes the 
balance between the downslope component of the weight of the water and the 
upslope resistance of the channel produced by skin friction, form drag and free 
surface distortion (Ferguson, 2007). A number of resistance coefficients have been 
developed but by far the most commonly used are the Darcy-Weisbach friction 
factor µI¶ DQG 0DQQLQJ¶V µQ¶ which the ASCE (American Society for Civil 
(QJLQHHULQJµ7DVN)RUFHRQ)ULFWLRQ)DFWRUVLQ2SHQ&KDQQHOV¶ concluded were 
³probably equally effective in the solution of practical problems´(1963: 99). The 
Task Force also expressed an unsubstantiated belief that roughness in open 
channels is best represented by the Darcy-Weisbach friction factor, although more 
recently Dingman and Sharma (1997) stated that the general consensus is that 
0DQQLQJ¶VHTXDWLRQLVSUHIHUDEOH&HUWDLQO\0DQQLQJ¶VµQ¶ has remained the most 
widely used flow resistance coefficient. For example, a literature review found the 
number of references using each equation to be: 78 for Manning, 33 for Darcy-
Weisbach and 22 for alternative means (Julian Green, University of 
Loughborough, personal communication, 2008). 
Not only are there various coefficients that can be used to represent flow 
resistance, there are also multiple means by which those coefficients can be 
FDOFXODWHG ,GHDOO\ UHVLVWDQFHFRHIILFLHQWV OLNH0DQQLQJ¶V µQ¶are calculated from 
field measurements of flow velocity, hydraulic radius and channel slope. However, 
this approach to determining the flow resistance coefficient is clearly impractical 
in the context of this study. Therefore, it is necessary to explore other options for 
estimating resistance coefficients. 
There are a number of methods for estimating flow resistance coefficients 
EDVHG RQ TXDOLWDWLYH FKDQQHO REVHUYDWLRQV 7KHVH LQFOXGH &RZDQ¶V (1956) 
FRPSRVLWHUHSUHVHQWDWLRQRI0DQQLQJ¶VµQ¶ based on the sum of various roughness 
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components, including the effects of surface irregularities, shape and size of 
channel cross section, obstructions, vegetation and flow conditions and the 
PHDQGHULQJ RI WKH FKDQQHO &KRZ¶V (1973) tables of reference µQ¶ values for 
specific types of channel; and BarneV¶V(1967) handbook of photographs depicting 
VHULHV RI ULYHU FKDQQHOV RI NQRZQ µn¶ YDOXe. It is, therefore, possible to use 
information obtained from the RHS database to estimate an µQ¶YDOXHWRUHSUHVHQW
the channel hydraulic roughness using any one of these methods. However, these 
qualitative approaches are all limited in their representation of the range of 
influences and complex physical processes behind overall channel roughness and 
use empirically derived, representative values rather than rigorous hydraulic 
analyses. 
The limitations of qualitative estimates of channel roughness have led to 
the development of a new approach to estimating hydraulic roughness whereby the 
energy loss mechanisms, including lateral shear, transverse currents and boundary 
friction, are treated individually (DEFRA/EA, 2004) in a methodology termed the 
Conveyance Estimation System (CES). The CES represents roughness in terms of 
the local unit roughness µQ1¶. This n1 value represents the roughness due to an 
identifiable segment of boundary friction within the channel section, rather than 
MDQQLQJ¶VµQ¶ which is a value applied to whole regions of the cross-section. The 
local unit roughness (n1) iV LQVWHDG HTXLYDOHQW WR D 0DQQLQJ¶V n that has been 
stripped of all the energy losses due to lateral shear, secondary flows and 
sinuosity. In other words, it represents the roughness caused solely by local 
boundary friction (bed, bank and floodplain surface material; vegetation and 
irregularities such as groynes, trash, pools and riffles): 
 ݊ଵ ൌ ට݊௦௨௥ଶ ൅ ݊௩௘௚ଶ ൅ ݊௜௥௥ଶ 
Equation 3.6 
 
ZKHUH µ݊௦௨௥¶ µ݊௩௘௚¶ DQG µ݊௜௥௥¶ DUH WKH XQLW URXJKQHVV YDOXHV GXH WR VXUIDFH
material, vegetation and irregularity respectively (DEFRA/EA, 2004).  
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The DEFRA/EA report on the CES methodology describes how all of the 
UHPDLQLQJHQHUJ\µORVVHV¶that would contribute to total roughness / resistance (n) 
are calculated based on application of the Reynolds Averaged Navier-Stokes 
equations (RANS) within the conveyance estimator. These losses occur as a result 
of the stream-wise translational kinetic energy being transferred in part to 
rotational kinetic energy through the generation of vortex structures within the 
flow. Vortex structures may arise from various sources including: boundary 
friction caused by surface roughness; turbulence due to lateral shearing in regions 
with steep velocity gradients; transverse currents developing in regions with steep 
velocity gradients; water moving between the floodplain and the main channel, 
which is also subject to expansion losses; and abrupt changes in form in irregular 
FKDQQHOVZKLFKFDXVHDGGLWLRQDOµORVVHV¶ 
The CES method has been designed to be compatible with outputs from the 
RHS database and it therefore has the potential to be applied at the broad-scales 
that this study is concerned with. However, lack of detailed cross-sectional 
measurements within the RHS means that there are potential issues concerning the 
impact of uncertainty in the input data upon the channel roughness estimation 
(DEFRA/EA, 2004). Further, as demonstrated in Figure 3.8, despite representing 
an extensive national sample, the coverage of RHS sites within individual 
catchments is uneven and not necessarily sufficient for catchment-scale 
assessments of coarse sediment dynamics. 
 
3.2.5 Channel erodibility 
The erosive power of the flow is not solely responsible for driving 
sediment dynamics. The erodibility of the channel boundary materials also plays 
an important part. A study by Downs and Priestnall (1999) used GIS 
(Geographical Information System)-based calculations of stream power as a means 
of predicting channel adjustment on the River Bollin, Cheshire. They found that, at 
some points in the channel network, high stream power values did not generate as 
much erosion as would have been expected due to particularly high erosion 
UHVLVWDQFHDWWKHVHSRLQWV'RZQVDQG3ULHVWQDOO¶V(1999) findings relate strongly to 
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the theoretical arguments of Bull (1979), who described how the incidence of 
erosion depends not only on the available erosional power, but also on the µFULWLFDO
SRZHU¶IRUWKHUHDFKLQTXHVWLRQ$FFRUGLQJWR%XOl (1979), critical power depends 
on the sediment load supplied to a reach and the erodibility of the channel 
boundaries. For instance, the highest stream powers found within Downs and 
3ULHVWQDOO¶V (1999) study were located in a reach classed largely as 
morphologically inactive. Closer examination of the catchment revealed that this 
was due to the location of the reach within an urban centre where the channel 
boundaries were protected by highly resistant brick walls and culverts and, 
WKHUHIRUHKDGDKLJKµFULWLFDOSRZHU¶IRUHURVLRQ7KLVH[ample demonstrates the 
important influence that the erodibility of the channel boundaries has on channel 
DGMXVWPHQWDQGVHGLPHQWG\QDPLFVDQGKRZLWLV³a simplification to assume that 
channel change can be predicted accurately by a simple function of gross potential 
WR GR ZRUN´ (Downs and Priestnall, 1999: 261). Therefore, in accounting for 
sediment dynamics it is preferable to consider the factors that determine the 
FKDQQHO¶VUHVLVWDQFHWRPRUSKRORJLFDOFKDQJHVXFKDVWKHVL]HGLVWULEXWLRQRI WKH
boundary materials and the presence of artificial protection. Unfortunately, no 
simple means of quantifying the erodibility of a channel in a manner similar to 
'RZQVDQG3ULHVWQDOO¶V (1999) WKHRUHWLFDO µUHVLVWLQJSRZHU¶ RU %XOO¶V WKHRUHWLFDO
µFULWLFDOSRZHU¶FXUUHQWO\H[LVWV,WLVWKHUHIRUHFRPPRQWRXVHLQIRUPDWLRQRQWKH
character of the material making up both the channel bed and the channel banks to 
infer their erodibility. 
Ideally, information on boundary erodibility would take the form of a full 
particle size distribution because sediment entrainment and transport depend not 
only the median grain size, but also the particle size distribution of grains present. 
This results from a complex combination of size selective entrainment and relative 
size effects (Ashworth and Ferguson, 1988). Size selective entrainment occurs as a 
UHVXOWRIWKHGHSHQGHQFHRIDQLQGLYLGXDOJUDLQ¶VPRELOLW\RQLWV size relative to the 
rest of the distribution (Wilcock, 1993). The heterogeneous nature of alluvial 
sediment sizes further affects particle mobility as a result of bedforms, armouring 
and the degree of grain protrusion, that generally reduce the propensity for 
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selective entrainment, encouraging instead equal mobility between all size 
fractions on the bed (Andrews, 1984; Wilcock, 1998).  
A review of published bed material size data, combined with a number of 
samples collected by the author and other researchers at the University of 
Nottingham, has resulted in a national database of bed sediment particle size 
distributions (Figure 3.18). However, the overall paucity of measurements of bed 
material particle size distributions means that the national coverage provided by 
this database is insufficient to enable widespread catchment-scale assessment of 
coarse sediment dynamics across British rivers. 
The RHS database includes information describing the material comprising 
the bed of the channel. Neither the median particle size nor the size distribution are 
provided, but the RHS database does give an indication of the types of sediment 
(clay, silt, sand, gravel, pebble, cobble and boulder) observed in the 10 spot 
checks, as well as recording the presence of any naturally non-erodible materials 
or artificial bed protection (bed rock, reinforced and culverted). Emery et al. 
(2004) used the bed sediment information in the RHS database to generate an 
index of sediment calibre for each site. They assigned a representative ĭ size 
(where ĭ size is the negative logarithm to the base 2 of the grain size in 
millimetres) to each RHS bed material class and calculated a Bed Sediment 
Calibre Index (SEDCAL) ĭ size based on the average for the 10 spot checks: 
 
6('&$/ ൌ ൫ሺെ ȉ ܤܱሻ ൅ ሺെ ȉ ܥܱሻ ൅ ሺെ  ? ȉ ܩܲሻ ൅ ሺെ  ? ȉ ܵܣሻ ൅ ሺ  ? ȉ ܵܫሻ ൅ ሺ ȉ ܥܮሻ൯ሺܤܱ ൅ ܥܱ ൅ ܩܲ ൅ ܵܣ ൅ ܵܫ ൅ ܥܮሻ  
Equation 3.7 
 
where ܤܱ ?ܥܱ ? ܩܲ ?ܵܣ ?ܵ ܫܥܮ represent the number of spot checks allocated to 
boulder, cobble, gravel/pebble, sand, silt and clay respectively. 
In order to evaluate the accuracy of this type of index derived from RHS 
bed material data, where an RHS site fell within 1km up or downstream of one of 
the sites where bed material size has been measured it has been compared with the 
D50 values from the measured bed material data in Figure 3.18.. In Figure 3.19, 
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modal bed material ĭ sizes from the RHS database and SEDCAL index ĭ sizes are 
plotted against the median ĭ sizes measured in the field. Both the SEDCAL index 
size, and the modal bed material size are poorly correlated with the median sizes 
measured at the nearby bed material sampling sites, with correlation coefficients of 
0.33 and 0.50, respectively. These results indicate that RHS bed material 
classifications could not provide a reliable source of bed material size information 
for broad-scale assessment of sediment dynamics. 
RHS spot checks also classify the type of bank material and the character 
of the riparian vegetation. This information could, in principle, be used to estimate 
bank erodibility. However, because of the lack of consistent national coverage of 
RHS sites (Figure 3.8) and concerns raised by the unreliability of RHS bed 
material classifications (Figure 3.19), it was concluded that the RHS database 
would not be a suitable source of information for representing bank material 
erodibility. In fact, no known data source exists for representing the erodibility of 
the banks of British rivers, at the catchment-scale. 
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Figure 3.18 Location of known bed material size measurements within Britain. 
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Figure 3.19 Comparison of RHS based bed material ĭ size class with measured bed material median ĭ size class 
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3.2.6 Supply of coarse material 
As described by Lane (1955b) the morphology of a reach of channel is 
controlled not only by the flow regime and the characteristics of the channel 
boundary materials, but also by the sediment regime: that is the quantity, calibre 
and time distribution of sediment delivered to the reach. Lane et al. (1996) 
demonstrated that it is the combined effects of the flow and sediment regimes that 
together explain channel morphology, with discharge alone being a poor 
explanatory variable. Consequently, to adequately account for coarse sediment 
dynamics in British rivers it is essential to consider parameterisation of the 
supplies of coarse material from its two primary sources: (i) bed material load 
transport in the reach upstream; and (ii) erosion of coarse stream banks and any 
hill-slopes that are geomorphologically coupled to the channel, in the reach in 
question. 
Unfortunately, the only datasets that provide measured coarse material 
loads in British rivers have limited spatial coverage and have periods of record no 
longer than 2 or 3 years as they stem from short duration research or project-
related field campaigns, often performed by post-graduate students as part of 
doctoral studies (Leeks and Marks, 1997; Henshaw, 2009). Lack of routine 
monitoring results from the significant logistical difficulties and very high costs of 
measuring coarse material transport in the field (Gomez, 1991). Given the lack of 
measured data, the next best means of estimating the amount of coarse material 
supplied to a reach from upstream is to predict it based on the transport capacity of 
the reach immediately upstream. However, this approach to estimating sediment 
supply is complicated by the fact that the input of coarse material from the reach 
immediately upstream may itself be limited by the quantity of coarse material 
supplied to it. The difficulties encountered in predicting coarse sediment transport 
rates are discussed further in Section 6.2. 
Church (2002) identified that, in upland regions, stream channels are 
GLUHFWO\ µFRXSOHG¶ WR DGMDFHQW KLOO-slopes so that a range of sediment sizes, 
including coarse material of potential significance to broad-scale sediment 
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dynamics is delivered to reaches running along the base of the hill-slope. These 
inputs locally alter hydraulics, fluvial processes, and the morphology of the reach 
and elevate rates of sediment supply, transport and storage in the channel network 
downstream (Benda and Dunne, 1997a). In a study of 21 Swiss catchments, 
Keinholz et al. (1991) estimated that 17% of coarse material was derived from the 
hill-slopes, with the remaining 83% coming from erosion of the channel 
boundaries. Schmidt (1994) recorded values of 24% from hill-slopes and 76% 
from channel boundaries in Bavaria, whilst Johnson and Warburton (2002) 
recorded similar values of 25% and 75%, respectively in streams draining the Lake 
District. Church (2002), described how the relative contribution of coarse sediment 
from hill-slopes decreases as streams transition from upland headwaters to middle-
course piedmonts with wider valleys and floodplains, due to the shift from the 
channel being strongly coupled with its hill-slopes to being completely uncoupled. 
As a result, upland rivers tend to receive a high proportion of coarse sediment 
from hill-slope sources, while piedmont and lowland rivers with floodplains do 
not.  
Sediment derived from hill-slope sources has been demonstrated to 
contribute as much as a quarter of the coarse sediment load and to influence coarse 
sediment dynamics throughout the fluvial system (Reid et al., 2007). 
Unfortunately, while good information has been derived from monitoring of 
selected, upland, headwater streams (Harvey, 1991), there are no long term, 
catchment-scale datasets that provide measured data on coarse sediment delivery 
from hill-slopes for British rivers. Therefore, as with upstream coarse sediment 
supply, parameterisation of hill-slope coarse sediment supply is dependent on 
estimation and prediction, rather than empirical data. 
The delivery of sediment from hill-slopes to rivers is critically dependent 
upon: the rate of erosion and/or failure of the slopes themselves and; the efficiency 
with which hill-slope sediment sources are connected to the channel and drainage 
network (Brunsden and Thornes, 1979). There has recently been significant 
progress in the application of slope stability models at the catchment-scale due to 
growing availability of high-resolution topographic data, improvements in 
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computational aspects of data handling, and the associated development in 
modelling capabilities. Much of this progress has been based upon catchment-
scale application of infinite-plane slope models, often in a GIS framework, to 
determine the conditions at which failure would occur (Reid et al., 2007). For 
example, SHALSTAB is a model that calculates the ratio of effective precipitation 
to soil transmissivity (Q/T) to assign relative landslide hazard across a landscape. 
This provides a relative probability of failure for all areas in the landscape. 
However, it requires a user defined, critical Q/T value to predict where failures 
will actually occur and, consequently, its ability to predict sediment delivery 
volumes without additional data is limited. 
The efficiency of channel to hill-slope coupling governs the transfer of 
sediment from hill-slope sources to the channel. Transfer efficiency is therefore 
dependent on the proximity of the source to the channel network, and the capacity 
of gravitational and fluvially driven earth surface processes to carry the sediment 
to the stream. For example, if a landslide runs out into a river channel, coupling is 
strong and the source delivers much of the sediment involved in the slope failure 
directly to the fluvial system. Conversely, the same landslide on a hill-slope that is 
remote from a channel would have low degree of connectivity, so that little of the 
liberated sediment would enter the drainage network. In upland systems, where the 
channel sides are steep and valley floors are narrow, coupling tends to be strong, 
with sediment readily supplied to steep, often bedrock, channels (Stelczer, 1981). 
In lowland systems, where the slopes are gentle and valley floors are wide, 
coupling between hill-slopes and the channel can be weak or non-existent and little 
hill-slope derived material enters the drainage network (Hooke, 2003). Reid et al. 
(2007) describe a new method for better identifying coarse sediment delivery from 
hill-slopes to channels. This is based on the concept that coarse sediment from hill-
slopes can only be transferred to the channel if it is sources from an area that is 
hydrologically linked to the channel. However, despite progress in modelling hill-
slope-channel connectivity further testing and calibration is required before it will 
be possible to make routine predictions of sediment delivery from hill-slope 
processes at the catchment-scale. 
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3.2.7 A summary of available data appropriate for widespread catchment-scale 
modelling of coarse sediment dynamics in British rivers 
It is apparent that it is not currently possible to parameterise all of the 
factors that affect coarse sediment dynamics. No dataset that provides full 
representation of channel cross-section geometry is available, and while the RHS 
database can provide estimates of channel size and shape, it too is limited in terms 
of national coverage. Similarly, there is a paucity of data describing channel 
boundary materials in British rivers and, again, while the RHS database can 
provide estimates of reach-averaged bed material class, these estimates have 
proved unreliable when tested against measured particle size distributions. Clearly, 
these data limitations are bound to have an impact on the ability of any approach 
to account for coarse sediment dynamics in British rivers. Table 3.2 summarises 
the findings of the preceding sections in terms of the appropriateness of the data 
currently available. It is evident that the only factors that can currently be 
parameterised adequately at the catchment-scale are: hydrology (in the form of 
synthetic FDCs generated using a method similar to Low Flows 2000; channel 
widths extracted from OS MasterMap data; and channel slopes calculated from 
high resolution digital elevation models like IfSAR and LiDAR. These findings 
significantly limit the approaches that could be applied when accounting for 
catchment-scale coarse sediment dynamics in British rivers. The specific 
methodology for parameterising these factors will be finalised once the approach 
for accounting for catchment-scale coarse sediment dynamics has been developed 
(and is described in Section 6.6). 
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Table 3.2 Summary of available data appropriate for widespread catchment-scale 
modelling of coarse sediment dynamics in British rivers 
Factor of 
interest 
Data available Suitability Coverage  
Hydrology  
- National River Flow Archive 
 
Very good 
 
 
Limited to gauging 
stations 
- Prediction of FDCs within 
ungauged catchments using 
drainage area, rainfall, 
potential evaporation and 
soil hydrology data 
Reasonable 
approximation 
Continuous 
national coverage 
Hydraulics: 
Cross-section 
geometry 
 
 
 
 
 
- µ6HFWLRQ¶VXUYH\V 
 
Very good 
 
Poor 
- Hydraulic geometry 
relationships 
Fails to account for 
potentially 
important local 
variations 
Continuous national 
coverage 
- River Habitat Survey (RHS) Reasonable 
approximation 
National but 
inconsistent 
coverage  
- Ordnance Survey MasterMap 
widths 
Good, but widths 
only 
Continuous 
national coverage 
Hydraulics: 
Slope 
 
- Digital Elevation Models 
(LiDAR, IfSAR, OS Landform 
Profile) 
 
Variable (LiDAR 
and IfSAR good) 
 
Coverage of the 
majority of 
significant 
watercourses 
Hydraulics: 
Channel 
roughness 
 
- RHS using the Conveyance 
Estimation System 
 
Reasonable 
approximation 
 
National but 
inconsistent 
coverage  
Erodibility of 
channel 
 
 
 
- Measured bed material data 
 
Good 
 
Poor 
- Bed and bank material 
classification from the RHS 
Poor approximation National but 
inconsistent 
coverage  
Supply of 
coarse 
material  
 
- None 
 
- 
 
- 
 
 
  
  
129 
3.3 Critique of existing approaches for assessing coarse sediment dynamics 
3.3.1 Introduction 
During the late twentieth century, the emerging need to consider sediment 
at the catchment-scale identified in Section 2.4 triggered research and 
development of approaches to represent catchment-scale sediment dynamics in a 
number of countries, leading to $XVWUDOLD¶V6HG1HWVFKHPH (Prosser et al., 2001) 
DQG WKH 86$¶V V\VWHP RI 5HJLRQDO 6HGLPHQW 0DQDJHPHQW (Rosati et al., 2001). 
However, lower sediment loads and a history of well-organised river management 
associated with British rivers meant that, until recently, there has been limited 
need to consider coarse sediment dynamics at the catchment-scale. However, the 
need to account for sediment in British rivers has recently become more pressing 
due to increasing environmental awareness by policy makers and increased 
pressures on fluvial systems and their ecosystems. Yet, despite this pressing need, 
the tools currently available for addressing sediment dynamics in British rivers 
may be unsuitable for application across entire catchments. This section examines 
the utility of existing sediment analysis tools in accounting for catchment-scale, 
coarse sediment dynamics. 
 
3.3.2 Fluvial Audit 
At present in the UK, the primary means by which routine assessments of 
sediment-related problems within a catchment context can be performed is through 
using the qualitative Fluvial Audit (Sear et al., 2003). This approach attempts to 
relate sediment movement, channel stability and morphological change at the 
reach-scale to sediment dynamics in the surrounding fluvial system and wider 
catchment. In practice, a field and documentary investigation is used to divide the 
fluvial system into geomorphic reaches designated as: source, transfer, exchange, 
or sink reaches. The approach involves detailed field reconnaissance of the 
watercourse performed by an experienced fluvial geomorphologist (Thorne, 1998). 
Examples of its successful application include a geomorphological evaluation of 
the Missouri River in Montana following the construction of Fort Peck Dam. 
&ODLPVIURPORFDOODQGRZQHUVWKDWWKHGDP¶VFRQVWUXFWLRQKDGLQVWLJDWHGLQVWDELOLW\
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in the river channel, threatening agricultural development, were shown to be false. 
In fact, the Fluvial Audit indicated that bed degradation and bank erosion had 
declined, with the channel approaching dynamic equilibrium (Darby and Thorne, 
2000). 
However, whilst the Fluvial Audit approach has proven very useful in 
studying river management issues (exemplified by the Missouri River example 
above), along with river conservation and restoration projects, it does not support 
the quantification of sediment dynamics required to interface effectively with the 
contemporary engineering components of strategic flood studies and Catchment 
Flood Management Plans (Thorne et al., 2006). Therefore, whilst the Fluvial Audit 
approach may provide useful insights into catchment sediment dynamics, it is of 
limited utility for strategic planning due to its heavy dependence on expert 
observation, interpretation on the part of the auditer and its lack of quantitative 
outputs. Further, the extended input by experienced geomorphologists required by 
the approach limit its application to project-related studies with obvious sediment 
issues and the substantial resources necessary to support field and archive 
investigations (Thorne et al., 2006). 
 
3.3.3 Physically-based mobile bed 1-D hydrodynamic models 
Theoretically, system-scale sediment dynamics can be quantified using 
mobile bed versions of established 1-D hydrodynamic models such as HEC-RAS 
(Brunner, 2006) and ISIS (ISIS, 1999) that have a sediment transport module. 
These models were originally designed for flood routing to predict the water levels 
associated with the passage of a flood wave moving through a fluvial system. They 
work by solving the St. Venent equations for gradually varied, unsteady flow to 
predict flow velocities and depths based on a given flood hydrograph, and a series 
of regular channel/floodplain cross-sections. Mobile bed modules have since been 
attached to these 1-D hydraulic models to predict sediment transfer, along with 
channel morphological adjustment. Simulation of sediment transport and bed level 
changes in these models is based on calculation of sediment transport rates at each 
computational node. A number of different sediment transport formulae can be 
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specified in the models, with the ability to calculate transport by size fraction. The 
explanatory variables for the sediment transport calculations are derived from the 
sectional hydraulic properties calculated within the hydrodynamic computations. 
A key feature of these models is that the effects of erosion or deposition are 
represented after each iteration by updating the cross-sectional geometries based 
on the difference between sediment transported in and out of reaches between the 
cross-sections. The amount of bed level change is found from the balance of 
sediment entering and leaving the reach: a simple mass balance computation 
performed using the Exner equation: 
 ሺ ? െ ߣሻ ȉ ܹ ȉ ߜݖߜݐ ൅ ߜܳ௦ߜݔ ൌ  ? 
Equation 3.8 
 
where ߣ is bed porosity; ܹ is water surface width (m); ݖ is bed elevation (m); ݐ is 
time (s); ܳ௦ is sediment transport rate (m3s-1); and ݔ is distance in flow direction 
(m). 
The range of applications of 1-D sediment models in the UK or by UK- 
based consultants is progressively increasing, and is illustrated by the list of 
known recent applications of ISIS Sediment compiled by Green (2006). These 
range from flood defence design studies to research and post-flood event 
investigations, but are generally limited in scale to investigations of particular 
project reaches, rather than catchment-scale modelling. For example, Walker 
(2001) demonstrated the implementation of ISIS Sediment on the River Eden in 
Cumbria in an attempt to determine the geomorphological impacts resulting from 
the construction of a weir. Within this application, Walker (2001) demonstrated 
the utility of sediment transport modelling and post-project investigations 
confirmed that the findings of the modelling exercise were fundamentally correct.  
Application of mobile boundary modules within 1-D hydraulic models like 
ISIS and HEC-RAS is, however, highly data and time intensive. For mobile-bed 
applications, these models require closely spaced and detailed channel cross-
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sections, bed material particle size distributions and reliable estimates of channel 
roughness. Unfortunately, as established in Section 3.2, these data are not widely 
available for British rivers. Therefore, despite their proven value for investigating 
local and reach-scale sediment transport and sediment-related channel instability 
problems and their utility in exploring project-specific management options, these 
models are prohibitive to apply in terms of run times, data acquisition and 
personnel costs at the scale of a whole catchment. This limits their usage to 
project-related studies of reach-scale scour/fill issues rather than catchment-scale 
investigation of sediment dynamics and morphological responses to imbalances in 
the sediment transfer system.  
Further, fully unsteady flow numerical models suffer from issues 
associated with convergence, consistency and stability (Versteeg and 
Malalasekera, 1995). It therefore requires many years of experience and a 
thorough knowledge of open channel hydrodynamics to finesse model solutions 
when these models are applied to watercourses that possess the degree of natural 
variability displayed by British rivers. On top of this, the ability of the sediment 
modules these models use is limited by the accuracy of the sediment transport 
equations within them ± UHQGHULQJVHGLPHQWSUHGLFWLRQVQRPRUHWKDQµLQGLFDWLYH¶
in most applications. These factors limit the application of these models to the 
small minority of project-related studies with resources sufficient to justify 
detailed data collection and the employment of specialised sediment transport 
modellers. 
A number of mobile boundary 1-D hydraulic models have been developed 
specifically to model coarse sediment transport. One example is SEDROUT (Hoey 
and Ferguson, 1994) which was recently used to investigate the potential response 
of the St. Lawrence River, Quebec to short-term climate change (Verhaar et al., 
2008). In a manner similar to HEC-RAS and ISIS, SEDROUT solves depth-
averaged flow equations using a step-backwater method and a choice of friction 
equations; uses the calculated shear stresses at each cross section to compute bed-
material transport using a choice of sediment transport equations; then updates bed 
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level and composition using the Exner and Hirano equations for overall and 
fractional sediment conservation, respectively. 
SEDROUT was first applied to simulate rapid downstream fining of bed 
material by size-selective transport in a small gravel-bed river (Hoey and 
Ferguson, 1994) but it has subsequently been shown to have applicability across a 
range of time- and space-scales (Hoey et al., 2003). For example, SEDROUT has 
proved capable of reproducing the sediment impacts and morphological response 
of artificial straightening of a meandering, gravel-bed river in Québec (Talbot and 
Lapointe, 2002), changes in sediment flux and bed composition along a large 
gravel/sand tributary of Fraser River, Canada (Ferguson et al., 2001) and changes 
in morphology of tributaries to the St. Lawrence River over a 100-year period in 
response to short-term climate changes. However, like ISIS and HEC-RAS, 
application of SEDROUT requires data inputs that are not widely available for 
British rivers. For example, in order to run SEDROUT on the tributaries of the St. 
Lawrence river Verhaar et al. (2008) collected continuous bed topography data 
from a boat using sonar and GPS and derived bed material size from samples 
collected at closely spaced cross-sections. As identified in Table 3.2, these 
parameters and this level of coverage are not generally available for British rivers 
and, therefore, application of models like SEDROUT is limited to specific reaches 
of interest to research or river management projects. 
Within many aspects of river science, it is common practice to divide the 
drainage network into segments, usually termed reaches, of channel that are 
internally relatively homogenous in nature, and comparatively discrete. This 
simplifies the complex hierarchy of channel forms and processes, making the 
fluvial system more manageable for both research and management purposes. A 
number of existing catchment sediment models are based on reach-based analyses, 
including: the Riverine Accounting and Transport model (RAT - Graf, 1994; Graf, 
1996); the Sediment Impact Assessment Model (SIAM - Biedenharn et al., 2006b; 
Gibson and Little, 2006), and the River Energy Audit Scheme (REAS - 
Wallerstein et al., 2006). SIAM and REAS are reach-based, sediment balance 
models that are examined in Section 3.3.5, whilst RAT is a physically-based, 
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mobile boundary model that is, theoretically, similar to the mobile boundary 
versions of ISIS and HEC-RAS, but with a reduced spatial complexity. It routes 
water and sediment through the river system, accounting for inputs, transport, 
internal storage and outputs. Where it differs from the approaches described 
previously in this section is that, rather than attempting to represent channel 
geometry with a quasi-continuous grid of channel cross-sections, it divides the 
river system into a series of discrete channel reaches with rectangular geometries. 
Each reach is represented by reach-averaged values of width, depth and gradient. 
As a result, it uses a much simpler spatial representation of the fluvial system than 
approaches like ISIS and HEC-RAS. Nevertheless, like ISIS and HEC-RAS, it is 
process-based, iterative, self-updating, and spatially variable. The basis for model 
operation is repeated calculation of the hydraulic characteristics of open channel 
flow through solution of equations for continuity and mean velocity (using 
0DQQLQJ¶V HTXDWLRQ) combined with boundary conditions that define the initial 
channel geometry and roughness. Sediment transport capacity is then calculated 
XVLQJ%DJQROG¶V(1966) sediment-transport functions, with input depths produced 
by the hydraulic calculations. The model iteratively calculates the movement of 
sediment through the system for simulated time steps, updating the initial 
boundary conditions to account for erosion and sedimentation before beginning the 
calculations for the next time step. 
Thanks to its reach-based, spatial simplification, RAT requires 
significantly less parameterisation than models based on closely spaced cross-
sectional nodes. Rather than attempting to work with a quasi-continuous 
representation of channel geometry, slope, bed material size and roughness, RAT 
simply deals with mean values of width, depth, channel roughness, bed sediment 
size and gradient for each reach. This means that reach-based models like RAT are 
far simpler to develop and running them does not demand excessive computational 
power. As a result, RAT is much easier to apply at the catchment-scale than the 
mobile boundary versions of 1-D hydrodynamic models. However, despite their 
relative simplicity, models like RAT are still dependent on data inputs which, 
based on the analysis in Section 3.2, are currently unavailable for British rivers. 
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Therefore, in order for RAT to be employed as part of investigations to support a 
British river management project, significant investment into data collection would 
first be necessary. 
Aside from the difficulties in obtaining the data necessary to run them, an 
important criticism of mobile boundary 1-D hydraulic models is that, despite their 
complex nature, they under-represent the dimensions and styles of channel 
adjustment observed in nature. Adjustments of flow hydraulics and channel 
morphology towards dynamic equilibrium with the flow regime and supply of 
sediment from upstream and local sources involve simultaneous adjustments to a 
large number of dependent variables, many of which are mutually interactive. In 
this context, Hey (1988) defined the nine degrees of freedom of channel 
adjustment, with the partitioning of channel cross-section adjustment into its width 
and depth dimensions just one of several divisions of adjustment type. HH\¶V
framework recognises the possibility of channels adjusting predominantly through 
lateral or vertical changes, depending on the nature of the disturbance, to a pre-
existing, dynamically-stable condition. For example, in a study of the evolution of 
the Toutle River system following its disturbance by the eruption of Mount St. 
Helens, Simon and Thorne (1996) demonstrated that, since only the very highest 
flows were able to erode the channel bed materials, channel widening through 
bank erosion constituted the dominant process-response mechanism. Such 
circumstances, render conventional 1-D, mobile bed models such as ISIS and 
HEC-RAS inapplicable because they assume that imbalance in sediment 
continuity between adjacent computational nodes must be satisfied solely by 
changes in bed elevation. As demonstrated by Thorne and Osman (1988), 
morphological models that ignore other potential dimensions of adjustment, such 
as widening through the collapse and rapid retreat of the banks, cannot hope to 
reproduce the observed behaviour of unstable streams with weakly cohesive bank 
materials that limited the degree of incision to less than the critical bank height for 
mass instability. 
A final limitation of mobile bed models is their dependence on sediment 
transport equations. Whilst a large number of equations for sediment transport 
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have been developed, because each transport equation is developed for specific 
conditions employing different equations for similar conditions will yield transport 
rates that can differ by orders of magnitude (Simons and Senturk, 1992). In 
general, sediment transport equations are only able to predict sediment load to 
within +/- 50% about 60% of the time (Yang et al., 1996). Therefore, when using 
the sediment transport equations for a particular case, special care must be taken to 
select equations that have been developed under conditions similar to those in the 
stream in question. Simons and Senturk (1992) suggest that, ideally, sediment 
transport formulae should be refined and calibrated for particular applications 
using site-specific field data. Selecting an appropriate sediment transport equation 
is crucial to producing a successful simulation, yet there are no universally 
accepted rules concerning which equation is suitable for a particular river 
environment. Therefore, in addition to the issues discussed above, the fine detail 
required to calibrate sediment transport formulae within individual reaches makes 
catchment-scale assessment of coarse sediment dynamics using existing 1-D, 
mobile bed models less attractive than might they might appear on first 
examination. 
 
3.3.4 Reduced complexity cellular models 
The difficulties of applying process-based, hydrodynamic models to 
natural rivers with complex morphologies at anything except the reach-scale and 
over any period of continuous simulation longer than a few months or years have, 
over the last decade, led to the development of VHYHUDO µUHGXFHG FRPSOH[LW\¶, 
cellular models designed to solve these scale-related limitations (Coulthard et al., 
2007). As touched upon in Section 2.5.10, cellular models represent the modelled 
landscape with a grid of cells, with morphological evolution of the topography 
being determined by the fluxes of water and sediment between cells. These fluxes 
are predicted using rules based on simplifications of the governing physical 
processes (Nicholas, 2005). In fluvial geomorphology, cellular models use 
VLPSOLILHGRUµUHOD[HG¶YHUVLRQVRIWKHFRPSOH[HTXDWLRQVdescribing the flow of a 
Newtonian fluid used in traditional, 1-D hydrodynamic or hydraulic models. This 
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allows a substantial increase in speed of operation, which in turn, enables them to 
be applied to long reaches and large catchments over time-scales useful for 
management purposes. Importantly, the increase in computational speed and 
simplicity also allows these models to simulate sediment transport between cells 
based on representations of the physical processes responsible that are more 
complete, meaning that morphological changes can be modelled over large areas 
and long timespans. 
The first of these cellular models was the braided river model of Murray 
and Paola (1994). This simulated the morphological development of a braided 
river by routing water discharge through a grid of cells representing the 
topography of the channel and braid plain based on local variations in bed slope. 
The spatial distribution of erosion within these cells was simulated according to 
simple discharge-dependent erosion rules, with the eroded material being 
transported to adjacent cells again according to local bed slope. Their simple flow 
model allowed divergent and convergent flow and, importantly, the width of 
channels was represented by one or more cells. Despite a lack of calculations for 
local depth, momentum or velocity, Murray and Paola¶V (1994) model produced 
braided patterns that were at least qualitatively realistic. Importantly, it also 
reproduced the downstream and lateral migration of bars and sub-channels 
characteristic of the dynamic behaviour of braided rivers. The importance of this 
model was that it demonstrated that by simplifying the representation of physical 
processes, it was possible to recreate the patterns of behaviour observed in rivers 
with laterally unconstrained flow, mobile bed materials and erodible banks ± 
performance that no conventional, hydrodynamic model could match. This simple 
model represented a paradigm shift in both visualisation and modelling: indicating 
that it is not always necessary to pursue reductionist approaches, simulating all the 
physical processes operating within a river channel faithfully, when modelling 
morphological adjustment and evolution in unstable, alluvial rivers. 
$V D UHVXOW RI WKLV µSDUDGLJP VKLIW¶ D QXPEHU RI QHZ PRUH DGYDQFHG
cellular models have been developed. For example, Coulthard et al. (1998) 
developed a cellular automaton model of river catchment evolution that was 
  
138 
further developed into the CAESAR model (Coulthard et al., 2005). This model 
built upon the flow routing methodology developed by Murray and Paola (1994) 
by including a calculation of flow depth, a more detailed representation of 
sediment transport using multiple grain sizes, and adding hill-slope processes (e.g. 
land-sliding and soil creep). CAESAR has been applied to a range of river 
catchments and reaches (4 to 40 km2) with grid cell sizes ranging from 2m by 2m 
to 50m by 50m. Additionally, Thomas and Nicholas (2002) developed a cellular 
model of braided rivers (termed CRS) that used a flow model refined from the 
Murray and Paola method. They applied this to a 470 by 230 m reach of the Aroca 
River, New Zealand with 1m grid cells, producing inundation extents and flow 
velocities that compared favourably to results of a 2-D, CFD model of the same 
reach. 
Nicholas (2005) commented that these types of cellular models represent 
one of the most important advances in fluvial geomorphology during the last 
decade. The basis for this statement is that cellular modelling offers the potential 
to simulate morphological change in river catchments and reaches over time and 
space-scales that are pertinent to anthropological interests (e.g. 1±100 years and 1±
100 km2). However, despite its obvious potential, the fundamental methodologies 
applied in this branch of modelling are still under development, and the 
philosophical justification for their simplification of physical processes remains 
the topic of debate. For example, only recently have cellular models attempted to 
replicate natural river meandering forms (Coulthard and Van de Wiel, 2006a) and 
then with only limited success. Whilst the lateral erosion algorithm within 
CAESAR has been demonstrated as being able to replicate the morphological 
migration of meander bends, it is based on the local planform curvature and, 
therefore, uses a symptom of lateral erosion to drive it, rather than the real cause 
(secondary flow circulation and elevated near-bank velocities). This example not 
only demonstrates the emergent stage of development that cellular models are 
currently in, but also the philosophical difficulties involved in modelling physical 
processes in a non-reductionist manner. Further, because reduced complexity 
models are fabricating representations of Newtonian physics, rather than being 
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based on first principles, they are dependent on somewhat empirically derived 
calibration values to control the quantities of form and rates of process. These 
calibration coefficients can be set to values that ensure cellular models produce 
outputs that replicate those observed historically (hind-casting), but in predicting 
future conditions (forecasting) they can only produce µEHVWJXHVVHV¶ based on the 
expert insight and judgement of the modeller. Concerns over the extent to which 
the type of pattern recreation attempted by reduced-complexity models actually 
represents physical processes are described in detail by Brasington and Richards 
(2007). 
A further limitation on the application of cellular models to assess 
catchment-scale, coarse sediment dynamics in British rivers is the data required to 
run them. Coulthard and Van de Wiel (2006b) describe the data requirements of 
CAESAR as being: hourly rainfall data for the catchment; a digital elevation 
model covering the entire catchment; and, crucially, the sediment size distribution 
for every cell in the model. As identified in Section 3.2.5, there is a paucity of 
information available on the sizes of bed and bank material in British river 
channels, let alone for elsewhere in British river catchments. 
Finally, despite their reduced complexity, application of cellular models to 
large catchments is still currently hindered by contemporary computing power. 
Two issues are responsible for this computational limitation to the duration, area 
of application and resolution of cellular models (Coulthard et al., 2007). First, 
when routing unsteady flows of water and sediment across a model domain, the 
model can only operate at rates below the rate of water and sediment movement. 
Secondly, restrictions on computational stability prevent changes in the elevation 
of a cell that are larger than a fraction of the difference between its elevation and 
that of the adjacent cells, limiting the amount sediment moved in any one time 
step. As a result, there is a limit to the number of cells that can be represented 
within a single model, meaning that catchments larger than ~100km2 can only be 
represented using grid sizes larger than 10m (Coulthard et al., 2007). Therefore, 
there remains a trade-off between the size of the catchment being modelled and the 
detail with which the channel is represented.  
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In summary, currently at least, cellular models should not be used for 
prediction of catchment-scale, coarse sediment dynamics. At present, their primary 
application is in the exploration of histories and possible futures of morphological 
FKDQJH $V ZLWK WKH LQVLJKWV JDLQHG IURP 0XUUD\ DQG 3DROD¶V (1994) work on 
braided river systems, by modelling forms rather than processes operating in 
complex physical landscapes, reduced complexity models can help us understand 
more about how they evolve. In fact, Brasington and Richards (2007) conclude 
their review of reduced complexity models by suggesting that, despite their 
limitations, it is likely that they will always have a place in geomorphology as an 
exploratory tool for the study of morphological change, especially where they 
generate observable properties of morphological dynamics and where there is 
value in focusing on intermediate scales that might otherwise be neglected. 
Following necessary further development, future versions of CAESAR or CRS 
should help the next generation of geomorphologists to understand how fluvial 
systems behave at the catchment-scale. 
 
3.3.5 Reach-based sediment balance models 
The concept underpinning reach-based sediment balance approaches 
springs from sediment continuity principles first proposed by Exner (1925), whose 
equation describes the conservation of sediment mass in a fluvial system (Equation 
3.8). In its most commonly-used form, it uses the principle that mass can neither 
be created nor destroyed to define how the amount of sediment stored in the bed 
changes in response to a net difference between the incoming and outgoing rates 
of sediment transport. This principle is the justification for the reach balance 
approach as a means of predicting, on the basis of the difference between sediment 
supply and local transport capacity, whether a given reach has the potential to gain 
or lose sediment during a specified period. The total mass of sediment that any 
specified channel reach can transport annually can be calculated by integrating its 
annualised flow duration curve with its sediment rating curve. It has been argued 
that the balance or imbalance between the annualised sediment transport capacities 
in successive reaches can indicate whether the downstream reach is likely to be 
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dynamically stable or in a state of disequilibrium. In disequilibrium situations, the 
direction and degree of sediment imbalance indicates the capacity for the flow to 
do geomorphological work on the river channel through erosion or deposition-led 
adjustments that drive morphological change (Phillip Soar, University of 
Portsmouth, personal communication1, 2009).  
Equilibrium and disequilibrium are contested terms within geomorphology, 
with confusion deriving from inconsistent usage across spatial and temporal 
scales. This confusion relates to geomorphological approaches coming from one of 
the two contrasting geomorphological approaches to the understanding of 
landforms described in Section 2.5: the functional and the evolutionary/historical. 
&OHDUO\ D JHRPRUSKRORJLVW¶V RSLQLRQ RI ZKHWKHU D SDUWLFXODU UHDFK LV LQ
equilibrium depends on where their perspective falls between the functional and 
evolutionary approaches and, therefore, on the temporal and spatial scales they are 
interested in. Consideration of the impact that scale has on the perspective from 
which geomorphological features are examined was pioneered by Schumm and 
Lichty (1965) and others have subsequently taken their idea of causality being 
scale-dependent and applied it to multiple aspects of geomorphological study, 
including the notion of equilibrium (Howard, 1988). Reach slope can therefore be 
considered to be in various forms of equilibrium over a range of time-scales. Over 
static time (typically hours to months), flow intensity may be below the threshold 
level for entrainment of bed material, so no change is apparent in an equilibrium 
UHDFK¶VVORSHDQGLWFDQEHdescribed as being in static equilibrium (Figure 3.20A). 
Over the longer steady time scale (typically years to decades), with which the 
functionalist approach to geomorphology was concerned, significant but 
temporary departures from the equilibrium slope occur in response to excessive 
erosion and/or deposition of bed material associated with individual, high 
magnitude sediment transporting events. However, subsequent redistribution of 
sediment during periods of low to moderate discharge leads to recovery of the 
UHDFK¶V equilibrium slope. Hence, over annual to decadal periods reach slope 
                                                 
1
 Soar, P., Wallerstein, N. P. In review. Characterising sediment transfer in river channels using 
stream power. River Research and Applications. 
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fluctuates around an equilibrium value as erosion and deposition are balanced. At 
this time-scale, the reach can be described as being in steady-state equilibrium 
(Figure 3.20B). Over the far longer, dynamic time scale (typically thousands of 
years), an equilibrium reach experiences countless high flow events and a slight 
imbalance between the sediment eroded and deposited in the reach during each of 
these events will lead to a progressive change in slope at this temporal scale. If the 
factors controlling the imbalance in erosion and deposition remain relatively 
constant through time then this change will occur at a consistent rate and the reach 
will be in dynamic equilibrium (Figure 3.20C). Finally, over a cyclic time scale 
(typically millions of years), with which the evolutionary approach to geography 
was concerned, progrHVVLYH GHFUHDVHV LQ DQ HTXLOLEULXP UHDFK¶V VORSH ZLOO FDXVH
the relative imbalance in erosion and deposition in the reach to decrease over time 
and it is in a state described as decay equilibrium (Figure 3.20D). 
When this is considered alongside the time-scales over which river 
managers are interested in (1-100 years), the most appropriate scale of equilibrium 
is the steady-state definition identified above. This type of equilibrium in a reach 
UHODWHVWR0DFNLQ¶V(1948) GHILQLWLRQRIDJUDGHGVWUHDPZKHUHE\WKHUHDFK¶VVORSH
and geometry is adjusted to provide, given the prevailing discharge regime, just 
the flow energy necessary to transport the sediment load equivalent to that 
supplied from upstream. This does not necessarily imply that the morphology of 
reaches in equilibrium remains completely static. Instead, a steady state form of 
equilibrium allows for variations in reach form through local erosion and 
depositional processes, but over steady time (decades to centuries) a relatively 
consistent morphology is maintained. In these terms and at this time-scale, a reach 
may be considered to be in disequilibrium if, given the prevailing flow regime, it 
has a capacity for transport that is either in excess of the sediment supplied to the 
reach from upstream and local sources, or its sediment transport capacity is 
insufficient to transfer downstream the amount of sediment supplied to it.  
This perspective on equilibrium and disequilibrium conditions is strongly 
related to the functionalist concepts proposed by Bull (1979) and Lane (1955b) 
that describe how coarse sediment dynamics depend on the balances between 
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available and critical stream powers and sediment supply versus transport 
capacity. Bull (1979) defined available stream power as the power available to 
transport sediment load, and critical stream power as the power necessary to 
transport the sediment load supplied to the river channel. Where available stream 
power exceeds critical stream power, the additional sediment load necessary to 
balance the available stream power is obtained through bed degradation (Bull, 
1979). Conversely, where the available stream power is less than the critical 
stream power, the channel responds by depositing the excess sediment on the bed 
(Bull, 1979). Similarly /DQH¶V DQDO\WLFDO UHSUHVHQWDWLRQ RI FRDUVH VHGLPHQW
dynamics, described by Equation 2.5, identified that a river channel would remain 
in equilibrium as long as the sediment discharge (ܳ௦) and size (ܦ) supplied to the 
channel were balanced by WKH WUDQVSRUW FDSDFLW\ RI WKH FKDQQHO¶V IORZV ± 
controlled by flow discharge (ܳ௪) and slope (ܵ). According to /DQH¶V (1955b) 
analytical model, changes in any of the variables force the river into 
disequilibrium, triggering either degradation or aggradation. 
Reach-based sediment balance models attempt to represent this concept of 
reach steady-state equilibrium over steady time in the general approach 
represented in Figure 3.21. Two existing models that are based on this approach 
are the Sediment Impact Assessment Model (SIAM - Biedenharn et al., 2006b; 
Gibson and Little, 2006), and the River Energy Audit Scheme (REAS - 
Wallerstein et al., 2006). 
 
  
144 
 
Figure 3.20 Different time-scales of reach equilibrium with reference to schematic 
changes in reach slope: (A) static equilibrium; (B) steady state equilibrium; (C) dynamic 
equilibrium; (D) decay equilibrium. Modified from Summerfield (1991). 
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Figure 3.21 Simplified schematic of reach-based sediment balance approaches. 
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The Sediment Impact Assessment Model (SIAM) was developed to 
provide rapid assessment of the impact of sediment management activities on 
sedimentation trends. It combines user-defined, within-reach sediment sources 
with computed sediment transport capacities into a model that can evaluate 
sediment imbalances and downstream sediment yields on a reach basis (Brunner, 
2006). SIAM is designed to provide sediment managers with an intermediate 
assessment tool that falls somewhere between the qualitative evaluations made by 
approaches like the Fluvial Audit, and the more comprehensive mobile boundary 
modules contained within 1-D numerical models like HEC-RAS and ISIS 
(FRMRC, 2006).  
SIAM is available as a hydraulic design module in HEC-RAS 4.0 
(Biedenharn et al., 2006b). This allows users to utilise the HEC-RAS hydraulic 
modelling system as a means for entering data into SIAM. Unlike the mobile 
boundary module option within HEC-RAS, SIAM treats a stream network as a 
series of discrete, internally homogenous, reaches, the boundaries of which are 
user-defined. Sediment reaches are typically delineated based on observed 
locations of significant geomorphic change such as tributary junctions, changes in 
channel gradient, planform and geometry, and shifts in bed sediment composition. 
These morphological properties are then averaged within these reaches, so that 
HEC-RAS produces reach-averaged flow conditions. SIAM is a sediment balance 
model and is therefore essentially static ± identifying the balance in reach inputs 
and outputs over a fixed time period, with no iterative modification of reach 
parameters. This differs significantly from the mobile bed module in HEC-RAS, 
which does iteratively update channel cross-sections, slopes and bed material 
distributions after each time-step. Therefore, whilst based on inputs from the same 
1-D hydrodynamic model, SIAM represents the river channel in a manner that is 
far less spatially and temporally complex than the cross-section-based mobile 
boundary module in HEC-RAS. 
Based on the reach-averaged flow conditions SIAM calculates the average 
annual sediment transport capacity for each reach, and compares them against the 
average annual sediment supply delivered to the reach. Sediment supply is based 
  
147 
largely on the predicted output of the adjacent upstream reach, but is also 
supplemented by user-defined sediment inputs from local sources such as bank 
retreat, tributaries, and sheet erosion by surface runoff. Using the difference 
between the annual quantity of bed material supplied to the reach and the annual 
TXDQWLW\ RI EHG PDWHULDO WKDW WKH UHDFK KDV FDSDFLW\ WR WUDQVSRUW D UHDFK¶V EHG
material balance is calculated. A negative local balance indicates excess transport 
capacity and thus net erosion potential for a reach, whereas a positive local balance 
indicates excess supply and potential for net deposition (Biedenharn et al., 2006b). 
Usefully, the sediment computations within SIAM are sub-divided into 
grain-size fractions, which allows the fate of specific size sediments to be 
observed throughout the system. This grain size accounting also allows the 
discriminatory tracking of wash load and bed material load through the fluvial 
system. The model determines whether sediments within a system constitute wash 
load or bed material load based on a user-defined wash load threshold diameter, 
for which the default size is the D10 of the bed material particle size distribution in 
the reach in question. Downstream changes in the wash load threshold diameter 
permit sediment that is wash load in one reach to transition into bed material load 
in a downstream reach, and vice versa. This allows a sediment source produced by 
a given management practice to have little effect on channel stability in one reach 
where it is part of the wash load, but to have significant effect on stability in 
reaches farther downstream where it transitions into the bed material load 
(Biedenharn et al., 2006b). 
In a similar manner to RAT, SIAM relies on spatial and process 
simplifications in order to shed light on coarse sediment dynamics. Despite these 
simplifications, its utility to British river researchers and managers is still limited 
because of the data requirements necessary to run the model. Specifically, SIAM 
requires data for each of the sediment reaches describing the flow regime, 
roughness, bed material particle size distribution, and sediment loading from local 
and catchment sources. Information on local and catchment sediment sources is 
particularly problematic. However, the data necessary to define the annual 
loadings and calibres of material derived from channel and catchment sources such 
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as eroding stream banks, gullies, upland surface erosion, and point sources such as 
sand and gravel mining operations are vital to proper operation of SIAM 
(Biedenharn et al., 2006b). As discussed in Section 3.2, sediment data are not 
widely available for British rivers and their collection would require resource 
intensive, primary field and remote sensing work as part of any project-related or 
research study before SIAM could be properly applied. Further, SIAM relies on 
selection of an appropriate sediment transport equation from those available in 
HEC-RAS 4.0, to calculate the reach transport capacities. As with any sediment 
model, extreme caution and sound judgement based on long experience are 
necessary when selecting and applying these equations. 
Based on difficulties experienced in applying SIAM to British rivers as 
part of FRMRC research (Wallerstein, 2006), researchers at the University of 
Nottingham developed the River Energy Audit Scheme (REAS) to identify reaches 
as being sediment sources, pathways or sinks (Wallerstein et al., 2006). The reach-
based comparison framework used in REAS is similar to that applied in SIAM but, 
rather than attempting to predict reach-averaged, annualised sediment transport 
supplies and capacities explicitly, REAS compares the difference in time-
integrated excess stream power per unit bed area between a reach and its upstream 
neighbour.  
The theoretical justification for the parameters used stems from the concept 
of specific stream power (stream power per unit bed area) proposed by Bagnold 
(1966), in which he defined stream power per unit bed area as a measure of the 
IORZ¶VDELOLW\WRSHUIRUPZRUNRQLWVERXQGDU\%DJQROG¶VVWUHDPSRZHUDSSURDFK
has been further developed by several authors to predict sediment movement and 
geomorphological adjustments in rivers (Yang, 1972; Chang, 1979; Graf, 1983; 
Lawler, 1992a; Magilligan, 1992; Knighton, 1999). Its popularity is largely a 
result of its basis in physics and its practical utility (Ferguson, 2005). It is 
conceptually attractive insofar as it treats rivers as transporting (and therefore 
work-performing) machines with explicit attention to their power and efficiency. It 
is also pragmatically convenient in that stream power per unit bed area can be 
calculated from gross channel properties (width and slope), together with the 
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discharge provided by the catchment, without needing to know in-channel flow 
properties such as depth or velocity. Discharge is essentially constant between 
tributary junctions and may, therefore, be obtained from hydrometric records or 
predicted from a hydrological model, whereas depth (needed for the calculation of 
shear stress) is locally variable and not routinely measured. 
The REAS approach is less prone to uncertainty than the models described 
above because it neither attempts to predict annualised sediment yields (like 
SIAM) or route sediment through the fluvial system (like ISIS Sediment). Instead, 
REAS uses excess stream power per unit bed area as a surrogate for the ability of 
flow to perform work through sediment transport. Stream power per unit bed area 
is usually expressed in watts (per unit channel length) but in REAS it is converted 
to an µDQQXDOLsHG¶ quantity of excess energy (for an average year in the period of 
flow record), or Annual Geomorphic Energy (AGE), in units of kilowatt-hours 
(kWh), where one kWh is the quantity of energy equivalent to a steady power of 
1 kW running for 1 hour (or 3.6 megajoules of energy consumed). By making this 
adjustment, the output from REAS represents energy consumption rather than rate 
and is comparable to the more conventional measure of annualised sediment yield. 
REAS then calculates the difference between AGE values (essentially, 
event-integrated, excess stream power per unit bed area) between consecutive 
reaches to indicate potential continuity or imbalance in sediment transfer. This 
approach was adopted because estimates made from uncalibrated sediment 
transport equations are associated with very high uncertainty, which is avoided in 
REAS through the use of an energy budget in place of a sediment budget (Phillip 
Soar, University of Portsmouth, personal communication, 20092). 
In its present form, REAS requires data input in the form of a bed material 
D50 or particle size distribution, a flow duration curve, representative channel 
cross-section, bed slope and channel roughness value for each user-defined reach 
(Wallerstein et al., 2006).  
                                                 
2
 Soar, P., Wallerstein, N. P. In review. Characterising sediment transfer in river channels using 
stream power. River Research and Applications. 
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'HVSLWH D NH\ PRWLYDWLRQ RI 5($6¶V GHYHORSPHQW EHLQJ WKH QHHG IRU D
methodology that falls between the qualitative Fluvial Audit and the quantitative, 
but data intensive, mobile boundary 1-D hydraulic models, the data requirement 
for application of REAS still exceeds that currently available for the vast majority 
of British rivers. Reliable information on bed material particle size distributions is 
scarce, and rudimentary classifications of bed material types that are incorporated 
in the RHS database have been shown not only to be inconsistent with field 
samples (Figure 3.19), but also to provide uneven coverage of British rivers 
(Figure 3.8). Similarly, the available sources of channel cross-section geometry 
and roughness data described in Section 3.2 lack both the accuracy and coverage 
necessary for widespread application of REAS. Therefore, despite commendable 
attempts to make REAS a more practically useful tool than those previously 
available through simplification of spatial scale (division into reaches), and 
process representation (substitution of sediment with energy budgeting), it still 
requires too substantial an investment in data gathering to be widely useful within 
British river research studies and management projects. 
There are also issues concerning how useful an energy budget is as a 
µVLPSOLILFDWLRQ¶RIFDWFKPHQW-scale sediment dynamics. The motivation behind the 
application of an energy budget instead of a sediment transport budget is clear, but 
is perhaps unnecessary and contradictory. By using stream power per unit bed area 
as a proxy for sediment transport capacity, REAS avoids the problems associated 
with uncertainty in calculating sediment transport rates. Rather than attempting to 
predict actual sediment budgets it simply identifies differences in the energy 
available for doing geomorphic work between adjacent reaches. Yet not only is 
stream power per unit bed area commonly used within sediment transport 
equations (Bagnold, 1966; Bagnold, 1980), but also REAS applies a critical 
threshold function (Ferguson, 2005) to calculate the excess power in a manner also 
commonly utilised within formal sediment transport equations (Bagnold, 1980; 
Wilcock, 2001). In summary, whilst REAS expresses its budgets in terms of 
kilowatt-hours to avoid its outputs being misconstrued as anything other than 
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potential differences energy consumption between reaches, REAS¶VH[FHVVSRZHU
is essentially an uncalibrated sediment transport function.  
Further, studies have demonstrated that the relationship between excess 
stream power and sediment transport capacity is non-linear: typically, sediment 
transport capacity is related to excess stream power to the power of 1.5 (Bagnold, 
1980). An example of the impact of this non-linear relationship is that, when 
excess stream power is integrated over the annualised flow duration curve, REAS 
under-represents the impact of high flow events and exaggerates the impact of low 
flow evenWV(IIHFWVOLNHWKLVZLOOWKHUHIRUHFDXVH5($6¶VRXWSXWWRV\VWHPDWLFDOO\
miss-represent inter-reach sediment differences. 
 
3.3.6 Stream Power Screening Tool 
Brookes (1987) used stream power as a tool to explain river channel 
adjustment downstream from 57 channelisation works in England and Wales. He 
showed that eroded sites had specific powers within the range 25 Wm-2 to 500 
Wm-2. By contrast, an absence of downstream erosion at the majority of lowland 
sites was assumed to be a reflection of both incompetence of increased flows to 
erode the bed and banks and resistance to those flows provided by the perimeter 
sediments, as reflected by stream power per unit bed area values in the range 1 
Wm-2 to 35 Wm-2 (Brookes, 1987). 
Based on these results, Brookes (1987) suggested that geomorphic 
thresholds exist for the response of a stream to channelisation, and that at the sites 
he studied, the threshold for responses led by erosional processes was associated 
with stream power per unit bed area values of 25 Wm-2 to 35 Wm-2. Based on this 
finding, Brookes (1987) argued that this threshold could be used in conjunction 
with consideration of the nature of the channel boundary materials and 
geomorphic setting of the stream, to suggest whether rapid and adverse 
adjustments are likely to occur in response to channel management projects.  
BrookeV¶Vmethod is widely applicable, as stream power per unit bed area 
values can be calculated from gross channel properties (width and slope), together 
with a user-specified, representative discharge, without needing to know within-
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channel flow properties such as depth or velocity (Ferguson, 2005). This makes it 
possible to apply the method using the data sources identified as already widely 
available at the catchment-scale for British rivers (see Section 3.2). However, 
reliance on selection of an appropriate reference discharge (Brookes recommends 
bankfull) introduces the need for either reliable cross-sections and expert 
interpretation of the bankfull stage ± the availability of which is likely to limit the 
practical utility of the method.  
Tilmore Brook in southern England may be used as an example 
application. This is a lowland watercourse with a straightened channel and a flow 
regime adversely affected by urban runoff which was undergoing severe erosion. 
Stream power analysis identified a bankfull stream power in excess of 35 Wm-2 
which exceeded the threshold for channel stability (Brookes and Chalmers, 2005). 
Based on this, it was identified that the channel should be re-sectioned to reduce 
its bankfull stream power per unit bed area below the threshold value for erosional 
instability. Possible management solutions were identified as: reducing channel 
slope by restoring something approximating the pre-channelisation, meandering 
course; or reducing bankfull discharge by attenuating runoff from the urban 
catchment upstream. 
However, despite the apparent simplicity of the stream power screening 
tool, it must be recognised that published thresholds for channel instability are 
strongly dependent on the environment within which they were derived, in 
general, and the sedimentology of the site in question, in particular (Brookes, 
2007). Because of this, Brookes (2007) cautions against application of the Stream 
Power Screening Tool in new environments unless a database of stream power 
values relating to stable and unstable channels specific to that environment has 
first been developed.  
Further, this screening approach does not take into account the sediment 
load supplied to the reach in question, the importance of which has been 
demonstrated by Lane et al. (1996). By focusing on the capacity of the channel to 
convey sediment (as represented by the proxy variable of stream power per unit 
bed area), BrookeV¶VStream Power Screening Tool accounts for just one side of 
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/DQH¶V VHGLPHQW EDODQFH (Lane, 1955b). A reach may have a bankfull stream 
power greater than the threshold identified as being critical for its particular 
sedimentology, but if it is subject to extremely high sediment influx then it may 
still tend towards instability that is depositionally-led. 
In conclusion, whilst the Stream Power Screening Tool represents a 
methodology that is applicable using the data sources identified as already widely 
available at the catchment-scale for British rivers (Section 3.2), it lacks scientific 
rigour, making expert interpretation necessary to support sound judgement 
concerning its outcomes. 
 
3.4 The need for a new reach-based sediment balance model to quantitatively 
account for catchment-scale coarse sediment dynamics in British rivers 
A number of tools for analysing the sediment dynamics of river have been 
identified; with the qualitative Fluvial Audit the approach most widely applied 
within current British river management. However, Thorne et al. (2006) identified 
that a quantitative tool is required in order that assessment of catchment-scale 
sediment dynamics can interface effectively with the engineering components of 
strategic flood risk studies and Catchment Flood Management Plans. Further, a 
predictive capacity is necessary for options appraisal when considering the 
sediment impacts of proposed river management actions and system responses to 
future scenarios for environmental change. These needs restrict the utility of the 
Fluvial Audit approach.  
Given the paucity of resources for data gathering in the great majority of 
British river management projects, any practical quantitative tool for application in 
river catchment studies must be operable within the bounds of the limited data 
already available, as identified in Section 3.2, whilst also maintaining the physical 
rigour necessary to make reliable predictions. The resources and data required to 
apply the majority of existing quantitative representations of coarse sediment 
dynamics prevents their widespread application at the catchment-scale. In 
particular, 1-D, mobile bed hydrodynamic models require both extensive data 
inputs and expensive specialist skills to support their application even at the reach-
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scale. Whilst sediment balance approaches like SIAM and REAS were developed 
with this limitation in mind and attempted to spatially simplify drainage networks 
through their division into geomorphic reaches, in their current form, their data 
requirements still exceed what is generally available. 
Despite this, it is apparent that reach-based approaches like REAS and 
SIAM do represent a suitable framework within which to develop a new approach 
to accounting for coarse sediment dynamics at the catchment-scale. As identified 
in Section 3.3.3, dividing the drainage network into reaches simplifies the complex 
hierarchy of forms and processes present in the fluvial system, making it more 
manageable for both research and management purposes. It also significantly 
reduces the data required to parameterise a model.  
A sediment balance approach is attractive in two aspects. First, it is 
conceptually attractive as it is closely linked with the theoretical definitions of 
steady-state channel equilibrium described in Section 3.3.5VSHFLILFDOO\0DFNLQ¶V
(1948) definition of a graded stream where the slope is adjusted to provide the 
flow velocity necessary to transport a sediment load equivalent to that supplied 
from upstream. Deviation in reach sediment transport capacity from the sediment 
rate supplied over steady time-scales indicates a divergence from a graded 
condition and a movement away from steady-state equilibrium. The idea of 
discontinuities between the sediment transport capacities of adjacent reaches being 
responsible for conditions of morphological instability is evident in the literature. 
For example, in a study of downstream trends in channel gradient and stream 
power in the Bellinger catchment, New South Wales, Australia, Reinfelds et al. 
(2004) identified that many observable differences in channel sedimentology are 
attributable to discontinuities in downstream sediment transport. They compared 
the processes occurring in two channels, each of similar stream power, but with 
one having a high stream power reach immediately upstream and the other having 
had a similar stream power for a significant distance upstream. The reach 
downstream of a zone of high power was observed to become a zone of 
aggradation through deposition of the excess sediment supplied from upstream. In 
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contrast, the reach with a similar stream power to its upstream neighbour was 
found to be stable.  
Secondly, the reach-based sediment balance approach is practically 
attractive when working at the catchment-scale as it produces predictions that are 
far less specific than that of 1-D, mobile bed models. Rather than predicting 
specific morphological development within particular cross-sections, the sediment 
balance approach simply provides an index of whether a reach is likely to 
H[SHULHQFHDQHWJDLQRUDQHWORVVRIVHGLPHQWGXULQJµVWHDG\WLPH¶7KLVLVDPRUH
appropriate output when dealing with coarse sediment dynamics at the catchment-
scale as the indeterminacy associated with the considerable number of interacting, 
non-linear relationships involved in process-response modelling means that 
deterministic predictions for individual cross-sections distributed throughout an 
entire river catchment are impossible (Beven, 1989; Phillips, 2003; Coulthard and 
Van de Wiel, 2007). When simulating system behaviour using sparse, spatially-
averaged data, attempting to model fluvial processes and morphological responses 
at anything other than the broad-scale gives the impression of an understanding 
that is of greater detail than is practically realisable. 
It is in this spirit that the remainder of this thesis focuses on development 
and testing of a new, reach-based sediment balance model to account for 
catchment-scale, coarse sediment dynamics in British rivers. A recurrent challenge 
during this development will be to ensure that it is both scientifically credible and 
practically operational, given the data restrictions identified in this chapter. 
Chapter Four addresses some of the fundamental issues met during the 
development of the new, reach-based sediment balance approach. 
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CHAPTER FOUR 
 
Chapter Four: Model design - developing a new reach-based sediment 
balance model for assessing catchment-scale coarse sediment dynamics in 
British rivers 
 
4.1 Designing a new reach-based sediment balance model 
While a great deal of research time and effort has been invested in gaining 
detailed knowledge of the processes and mechanics of sediment transport (Graf, 
1971; Bogardi, 1974; Chang, 1988; Simons and Senturk, 1992), it is recognised 
that the complex nature of sediment transport means that a completely 
deterministic representation of that process is impracticable. In addition, 
complications associated with addressing sediment transport at large time- and 
space-scales preclude analysis based on approaches that begin by simulating the 
movement of individual grains (Biedenharn et al., 2006a). It has been argued here 
that what is needed is a broader consideration of the sediment transfer system that 
reproduces its main attributes, behaviours and responses to disturbance, without 
attempting detailed replication of sediment transport processes per se. Under the 
general framework of reach-based sediment balance models described in Chapter 
Three there is significant flexibility in the choice of specific structure and 
procedures. 
Figure 4.1 VKRZV D µVNHOHWRQ¶ RXWOLQH IRU WKLV W\SH RI DSSURDFK DQG
identifies several issues that require careful consideration during the design of the 
new model. For each of these issues, thought needs to be given regarding how they 
can best be dealt with given the problems identified in Section 3.4 with respect to 
the need to strike the correct balance between scientific rigour and practical utility. 
The remainder of this chapter is centred on identifying the most appropriate 
solution to each of the issues raised, whilst taking into consideration the 
restrictions identified in Chapter Three. 
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Figure 4.1 µSkeleton¶ reach sediment budget framework with aspects for consideration within model design. 
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4.2 Representation of reach sediment status 
Kleinhans and Buskes (2002) comment on how an µunderdetermination¶ of 
earth-science theories by observation means that the reduction of earth science 
phenomena to physics is currently unfeasible. Causes of µunderdetermination¶ 
include: a) the erosion of evidence of earth surface processes; b) multiple 
explanations for a single phenomenon (equifinality); c) a lack of evidence to 
decide between competing theories; d) a lack of detailed and accurate initial and 
boundary condition data to run highly sensitive models; and e) chaotic system 
behaviour making the necessary precision of initial conditions for prediction into 
the future unobtainable. These fundamental µunderdetermination¶ problems restrict 
the ability of any approach to catchment-scale coarse sediment dynamics to 
confidently predict rates of erosion and deposition at specific locations. Therefore, 
within the new approach, reach sediment status will be output in a manner that 
does not infer a particular sediment transport rate, but instead represents the 
relative balance between the quantities of sediment predicted to enter and leave the 
reach during an average year. 
Soar (2000) was concerned with identifying the necessary design 
dimensions of a restored channel based on the flow and sediment load coming in 
from the reach directly upstream in order to ensure that there was no net 
aggradation or degradation within the restored reach. In order to satisfy this goal, 
Soar (2000) applied a sediment budget analysis called the Capacity-Supply Ratio 
(CSR). This CSR was calculated as the predicted coarse material load transported 
out of the restored reach by the natural sequence of flow events (capacity) divided 
by the coarse material load transported into the restored reach by those same flow 
events (supply). In terms of channel restoration design, a CSR close to unity 
indicates a successful project design, with values greater than one indicating 
potential channel degradation through net loss of sediment, and values below one 
indicating potential aggradation through net gain of sediment. The utility of this 
approach was demonstrated by Soar (2000) through post-project assessment of the 
restoration of Whitemarsh Run, Maryland, USA. The restoration project in 
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question involved the conversion of a previously channelised reach with low 
sinuosity into a highly sinuous, meandering channel with bank protection. Post-
project reconnaissance revealed significant planform and cross-sectional changes 
following restoration, with the channel reducing its artificially constructed 
sinuosity by depositing sediment on the outside of the engineered bends. For all 
the reaches relevant to the restoration project, Soar (2000) predicted the bed 
material loads transported in order to find the CSR for the restored channel (Figure 
4.2). A comparison of sediment supply and capacity for the restored reach revealed 
a CSR of only 0.64, indicating that the restored channel had the capacity to 
transport less than two thirds of the load supplied from upstream, with potential for 
approximately a third of the input load to be deposited over the medium- to long-
term. This result is consistent with the observed sedimentation and aggradation in 
the restored meander bends and validates the application of CSR within a reach-
based sediment budget approach, in this case at least. Therefore the CSR 
parameter will be utilised here to predict likely reach stability.  
 
 
Figure 4.2 Representation of Capacity Supply Ratio (CSR) for restored reach on 
Whitemarsh Run, Maryland, USA Average annual CSR = 0.64 (modified from Soar, 
2000). 
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4.3 Accounting for sediment supply limitations 
4.3.1 Limitations to reach coarse sediment transport capacity  
A simple distinction is often made between supply-limited and capacity-
limited transport (Bravo-Espinosa et al., 2003). Most of the material supplied to 
streams is so fine compared to the bed material that, provided it can be carried in 
suspension, almost any flow will transport it through the fluvial system. This 
material is widely referred to as the wash load or throughput load. The transport of 
this fine fraction is therefore controlled by the rate of supply (supply-limited) 
rather than the transport capacity of the flow. In contrast, the transport of coarser 
material that comprises the channel bed is intermittent and varies in association 
with flow stage. As a result, coarse material transport is generally considered to be 
capacity-limited rather than supply-limited. For example, Nordin and Beverage 
(1965) related unit discharges to unit bed material discharges of the Rio Grande 
near Albuquerque, New Mexico and implied that sand and coarser material move 
at stream capacity because they found that all bed sediment in excess of stream 
capacity was deposited and any deficit was replenished by bed scour. They 
proposed that the transport of the coarser sand and gravel in the Rio Grande is 
functionally related to discharge and is, therefore, transport-limited, whereas the 
movement of finer sediment is governed by its supply. Similarly, in recent studies 
of ephemeral-stream channels where sediment is abundant and non-limiting, Reid 
and Laronne (1995) and Lane et al. (1997) both found that coarse sediment 
transport rates are highly correlated with flow intensity, suggesting that coarse 
material transport is indeed transport-limited. 
However, this simple division between transport- and supply-limited 
sediment is misleading since, whilst coarse material transport is indeed strongly 
influenced by the transport capacity of the flow, it can also be limited by the 
availability of sediment for transport. Wolman et al. (1997) suggested that bed-
load transport in 11 Idaho streams was supply-limited based on an observed 
displacement of measured transport relations from predicted values associated 
with transport-limited streams. In fact, coarse material transport out of a reach can 
be restricted at two main spatial scales: limits to the supply delivered to a reach 
  
161 
from upstream reaches; and limits to the availability of material locally within the 
channel.  
The factors operating at each of these scales act to reduce the rate at which 
coarse material is transferred out of a reach below that predicted based on the 
transport capacity of that reach. Therefore, these factors are significant to sediment 
balance approaches that require estimates of the rates at which coarse material is 
transferred out of a reach not only to inform the sediment balance of the reach in 
question, but also to inform the supply of subsequent downstream reaches. The 
remainder of Section 4.3 considers supply limitations at each of the identified 
scales and how these might be represented in the new catchment-scale, reach-
based, sediment balance model. 
 
4.3.2 Restricted sediment delivery from upstream reaches 
If the supply of material to the reach from upstream is less than its 
transport capacity then the quantity of material transferred out of the reach is 
limited to the amount supplied, plus any material entrained from the channel 
boundaries. This was clearly demonstrated by Lane et al.¶V (1996) study of an 
actively braiding, pro-glacial stream where patterns of erosion and deposition were 
dependent not only on variations in flow discharge, but also on sediment supply 
fluctuations from upstream channel reaches. This type of sediment supply 
limitation is inherently recognised within reach-based sediment balance 
approaches as the sediment balance for a reach is explicitly dependent on the 
GLIIHUHQFH EHWZHHQ WKH UHDFK¶V VHGLPHQW WUDQVSRUW FDSDFLW\ DQG VHGLPHQW VXSSO\
from upstream.  
However, this treatment of upstream sediment supply does not fully reflect 
the variability present within natural sediment systems. For example, short term 
temporal variations in sediment supply have been recognised as common features 
of coarse material transport under both quasi-steady (Hoey, 1992), and variable 
(Reid et al., 1985) flow regimes. Sediment pulses have been linked with a variety 
of mechanisms, but the migration of coherent bed forms is considered by some to 
be the most prevalent cause. As dunes pass a given point maximum amounts of 
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transport are associated with the passage of dune peaks and smaller amounts with 
that of intervening troughs (Leopold and Emmett, 1976). Similarly, low-
amplitude, bed-load sheets formed from the migration of heterogeneous, coarse 
sediments can also produce pulses (Whiting et al., 1988). Nevertheless, whilst this 
scale of temporal variation may influence transport rate sampling strategies, it is 
not considered to be a significant factor within the context of a reach-based 
sediment model. This type of variation is likely to be insignificant over the steady 
time scale of interest within the model. 
However, one temporal variation in sediment supply that is effective over 
the time-scales of interest to reach-based sediment balance models is that observed 
in the delivery of coarse sediment to the river channel network from coupled 
catchment sources. The events that deliver coarse sediment from catchment slopes 
(land-slides), and river channel banks (bank mass failures) into river channels are 
inherently non-uniform and episodic (Bathurst, 1987). Large, long term sediment 
pulses have been associated with discrete sediment inputs that are translated 
downstream as waves (Nicholas et al., 1995). Along rivers in British Columbia, 
Church and Jones (1982) identified alternating sequences of sedimentation zones 
(characterised by wide, braided channels where large volumes of sediment are 
stored) and transportation zones (within which sediment is efficiently transferred 
to the next sedimentation zone). The cause of these sediment pulses was 
considered to be large volumes of material introduced by late nineteenth-century 
erosion of moraines. Similarly, Sarker and Thorne (2006) identified the 1950 
earthquake in Assam, India as being responsible for a large pulse of relatively 
coarse sediment that has taken several decades to travel downstream through the 
Brahmaputra-Jamuna-Padma-Lower Meghna river system. Alongside these natural 
causes of long term sediment pulses, the supply of coarse material from the 
catchment can also be amplified or restricted by primary industries, notably 
mining and forestry. This has been particularly important for coarse sediment 
delivery in British rivers (Lewin, 1987; Leeks and Marks, 1997).  
Temporal variability in catchment sediment delivery is important in 
controlling sediment supply to a reach from its upstream neighbour because of the 
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interdependent nature of catchment sediment dynamics. The inherent and 
seemingly unavoidable difficulty with predicting the supply of material to a reach 
(ݎ௡) from upstream is that, without the ability to measure sediment delivery rates, 
the only means of predicting sediment supply is to calculate the transport capacity 
of the upstream reach (ݎ௡ି). However, as with the reach in question (ݎ௡), the 
sediment transported out of the upstream reach (ݎ௡ି) may itself be supply-limited. 
This chain of indeterminism continues up through the catchment, with the supply 
for each reach partially dependent on the output of the reach upstream, which is, in 
turn, partially dependent on the output of the reach upstream of itself. Unless there 
are significant transfer discontinuities within the catchment, this can continue 
through to the original sources of sediment. Since it has been identified that the 
original sources of sediment can be non-uniform and episodic over the time-scales 
of interest, comprehensive and accurate prediction of upstream sediment supply 
limitations is an unrealistic ambition. 
 
4.3.3 Local channel boundary armouring and protection 
Flow within a reach is not only able to transport the coarse material 
supplied to it from upstream, but also the material making up the channel 
boundaries of that reach. This may occur because either: the supply of coarse 
material into a reach is smaller than the capacity of the reach to transport sediment 
DQGVRWKHµH[FHVV¶WUDQVSRUWFDSDFLW\LVXVHGWRHQWUDLQPDWHULDOIURPWKHFKDQQHO
boundaries; or the channel boundaries are more easily entrained and transported 
than the material supplied from upstream. However, the ability of the reach to 
achieve its transport capacity by sourcing material from its boundaries can be 
limited, particularly from gravel-, cobble- and boulder-bed channels in which 
armour layers can develop. 
Bed armouring occurs when a layer of coarse grains overlays a finer 
substrate to which it gives protection. Opinions differ regarding the formative 
process, but downstream and vertical winnowing, which involve the selective 
removal of fine particles from the surface framework are often emphasised 
(Thorne et al., 1987; Richards and Clifford, 1991). The resultant armour layer 
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effectively acts to limit the supply of available material so that the sediment 
transport rate is lower than that predicted by many transport capacity formulae. 
In addition to bed armouring, a variety of other processes can also act to 
limit the potential sediment supply from reach channel boundaries. Reaches where 
the channel is formed in bedrock will be unable to fulfil their transport capacity by 
entraining material from the channel boundaries. Similarly, artificial protection of 
channel bed and banks within a reach also acts to restrict the availability of 
channel boundary material for entrainment. 
 
4.3.4 Representing sediment supply limitations within a catchment-scale reach-
based sediment balance model 
When comprehensively ascertaining the sediment balance of a reach (ݎ௡) it 
is necessary to account both for the influence of sediment supply limitations on the 
quantity of sediment leaving the reach in question (ݎ௡), and for the influence of 
sediment supply limitations on the reach directly upstream (ݎ௡ିଵ) that impact upon 
the quantity of sediment entering the reach in question (ݎ௡). As identified in the 
preceding sections, this interdependency results in an extremely complex sediment 
transfer system that is ultimately dependent on the episodic delivery of material 
into the channel system and the erodibility of channel boundaries. Complete 
representation of supply limitations within a reach is only possible if both the 
delivery of coarse sediment into reaches and the erodibility of reach bed and banks 
can be parameterised. 
However, as described in Section 3.2 and shown in Table 3.2, there is a 
lack of data available to quantify these influences. Therefore, despite recognition 
of the potential importance of sediment supply limitations, a general but necessary 
assumption is required within catchment-scale reach-based sediment balance 
PRGHOV RI %ULWLVK ULYHUV 7KLV DVVXPSWLRQ LV WKDW LI D UHDFK¶V WUDQVSRUW FDSDFLW\
exceeds the supply of material delivered to it, the reach will be able to fulfil its 
sediment transport capacity through entrainment of material from its channel 
boundaries.  
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However, if it is discovered that the entrainment of material from the 
channel boundaries is limited in a particular reach because, for example, it is 
concrete lined then, within the approach being developed, it is possible that the 
reach output can be limited to the supply of material entering the reach from 
upstream. The impact of this capability is explored further in Section 7.4.1. 
 
4.4 Accounting for external sediment sources 
4.4.1 External sources supplying coarse material  
Whilst the total quantity of coarse sediment delivered to a reach (ݎ௡) is 
largely dependent on transport from the reach directly upstream (ݎ௡ିଵ), there are 
additional sources of sediment that can contribute to the supply side of a reach 
sediment balance. Even if a reach (ݎ௡) has a transport capacity greater than the 
supply of material delivered from the upstream reach (ݎ௡ିଵ), if there is a 
substantial supply of coarse material from local sources, the reach in question (ݎ௡) 
may still have a Capacity Supply Ratio of less than unity. Local sources were 
explicitly recognised in the SIAM methodology (see Section 3.3.5) and include 
inputs from tributaries, eroding banks, and coupled hill-slopes. The remainder of 
Section 4.4 examines these sources and identifies how they can, or cannot, be 
accounted for in the new approach. 
 
4.4.2 Tributaries: the importance of treating the catchment as a network when 
analysing sediment dynamics 
Drainage network properties and river channel processes have traditionally 
been studied separately in fluvial geomorphology, with relatively few attempts to 
link the two (Knighton, 1998). There is perhaps a tendency to treat rivers as linear 
entities that follows from the traditional naming convention whereby a single 
channel path within DFDWFKPHQWLVJLYHQSULPDF\DVWKHµPDLQVWHP¶ZKLOHRWKHU
shorter channels in the network are relegated to the status of tributaries and, 
conventionally, given different names. In fact, the head of any of the tributaries 
may be as many river kilometres upstream of the catchment outlet as the head of 
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the main stem, and the contributions of water and sediment made by any of the 
tributaries may be as, or more, significant than that of the main stem. 
In the absence of tributaries, river channels would exhibit smooth 
downstream trends in discharge, sediment load, bed elevation, channel gradient, 
channel morphology, and bed material grain size. However, because the main stem 
is actually part of a network, discharge, slope, width and depth display step 
changes at substantial tributary junctions (Richards, 1980; Knighton, 1987; 
Rhoads, 1987a; Ferguson et al., 2006), while the downstream decrease of median 
bed grain size generated by abrasion and sorting is repeatedly interrupted by 
additions of coarser sediment from tributary inputs. A saw-tooth pattern of 
punctuated downstream finLQJLVW\SLFDOZLWKILQLQJVHTXHQFHVDORQJµVHGLPHQWDU\
OLQNV¶ (Rice, 1999) separated by upturns where coarse sediment is added from 
lateral sources (Church and Kellerhals, 1978; Knighton, 1980; Rice and Church, 
1998).  
Ferguson et al. (2006) used a numerical model to demonstrate the impact 
that tributaries can have on channel sediment dynamics. They found that, for a 
given calibre of sediment, aggradation is more pronounced downstream of 
junctions where the tributary contributes a quantity of sediment that is large 
relative to its discharge. In contrast, junctions where the tributary contributes a 
relatively small sediment flux for its discharge were found to promote degradation 
in the main stem downstream. These findings are consistent with an obvious 
TXDOLWDWLYHSK\VLFDODUJXPHQWDQGFDQEHH[SODLQHGXVLQJ/DQH¶VDQDO\WLFDOVWUHDP
balance (1955a). Increases in the sediment flux from a tributary tend to overload 
the mainstream immediately downstream of the junction, causing local 
aggradation. This tendency is reversed by an increase in the transport capacity of 
the enlarged mainstream below a junction that increases the discharge relative to 
the sediment load.  
The joint importance of both the sediment and flow delivered from 
tributary links was also earlier identified by Rice (1998) in his description of the 
sedimentary link concept. By examining the impact of tributaries on the 
downstream fining patterns of the Pine and Sukunka rivers in north-eastern British 
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Columbia, Rice (1998) showed that sedimentological and hydrological networks 
do not necessarily correspond: relatively small tributaries can be highly significant 
sediment sources either because of internal circumstances or because of relative 
conditions on the main stem. As a result Rice (1998) concluded that models which 
fail to account for sediment delivery from tributaries may be fundamentally 
inappropriate for understanding the sediment characteristics of fluvial systems. In 
a similar manner to Ferguson et al. (2006), Rice (1998) argued that it is the 
mismatch between the flow and sediment delivery that is important for 
understanding how tributaries influence the slope, grain size, planform and cross-
sectional geometry of river channels. 
Recognising the importance of tributaries to channel sediment dynamics, 
the new reach-based sediment balance approach should account for their influence. 
This is achieved by equating the supply of coarse material entering a reach to the 
output of the main stem reach immediately upstream plus the output of any 
tributaries that join the main stem at the upstream end of the reach. Further, all 
branches within a river catchment should not only be represented in terms of their 
input to the main stem, but their own reaches can also be modelled in terms of 
their local sediment balances. This is represented schematically in Figure 4.3. This 
type of approach may not fully account for the patchy and unpredictable 
arrangement of important sediment sources that Rice (1998) cites as being 
important to influencing the quantity of sediment supplied from tributaries, but it 
does enable estimations of tributary-sourced sediment input that are consistent 
with the simplifications made elsewhere in the model. 
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Figure 4.3 Schematic representation of treatment of tributaries in the new, reach-based 
sediment balance approach 
 
4.4.3 Bank erosion 
Bank erosion is a significant source of the sediment load carried by rivers, 
which can supply over 50 per cent of the total material delivered to the system 
(Simon et al., 2000). As a result, coarVHPDWHULDOVXSSOLHGE\UHWUHDWRIDUHDFK¶V
banks may exert an important influence on its sediment balance. However, both 
the quantity and timing of inputs sourced from river bank erosion are highly 
variable because of a large number of controlling variables. For example, bank 
HURGLELOLW\ VLJQLILFDQWO\ LQIOXHQFHV EDQN HURVLRQ UDWHV +RZHYHU µHURGLELOLW\¶
depends not only on bank material type and structure, which can themselves be 
extremely variable (Parker et al., 2008), but also on riparian vegetation type and 
density. Further, similar flows acting on the same bank are often unequally 
effective because of the importance of antecedent conditions that control pore-
water pressures and inter-aggregate cohesion. Consequently, simple correlations 
between discharge and bank erosion rate are often weak (Lawler, 1992a). 
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Various models that predict river bank stability could be used to estimate 
sediment loadings from bank erosion into a reach. These include the USDA-ARS 
Bank Stability and Toe Erosion Model (BSTEM - Simon et al., 2000; Parker et al., 
2008). Simon et al. (2009) demonstrated how the BSTEM could be used to 
estimate annual sediment loadings in the rivers draining to Lake Tahoe, California. 
However, application of this type of process-based bank modelling requires 
detailed information not only on bank material, structure, geometry and 
vegetation, but also on rates of toe erosion. The limited availability of data on 
these bank properties for British rivers identified in Section 3.2 and shown in 
Table 3.2 therefore prohibits application of this type of analysis, so limiting the 
potential for representing the contribution of bank erosion to reach-scale sediment 
supply. 
Although it is in any case impractical to account for bank erosion as a 
source of coarse sediment in the catchment-scale sediment model under 
development here, there are theoretical reasons for concluding that this should not 
negate the utility of the model. First, even where bank sources supply a substantial 
percentage of the total sediment load, their contribution is generally finer than that 
present in the bed. Hence, bank erosion contributes disproportionately to the wash 
load and has relatively little impact on the quantity of bed material load which is 
of central importance to coarse sediment dynamics and channel morphology. 
Second, and more importantly, the medium to long term supply of sediment from 
river bank erosion is itself dependent on, rather than being independent of, coarse 
sediment dynamics. Thorne (1982) demonstrated theoretically that the rate of bank 
retreat is controlled by the state of basal endpoint control. This means that the rate 
of bank retreat depends on the rate at which the sediment derived from bank 
HURVLRQDQGIDLOXUHLVHQWUDLQHGDQGWUDQVSRUWHGGRZQVWUHDPIURPWKHµWRH¶RIWKH
bank by flow in the channel. The wash load component is easily removed, but 
removal of the coarser fraction may be transport-limited. It follows that the rate of 
bank sediment supply is regulated by the capacity of the near bank flow to entrain 
and transport coarse sediment. Recognising this, it is unnecessary to regard 
material delivered from bank erosion as an additional, independent source of the 
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coarse sediment supply into a reach: bank retreat can justifiably be considered as 
an extension of bed scour and just one of several ways in which a reach can adjust 
to having excess transport capacity for coarse sediment in relation to the supply 
from upstream and catchment sources. 
 
4.4.4 Hill-slope coupling 
The quantity of material delivered from hill-slopes varies with location in a 
FDWFKPHQW JHQHUDOO\ PRYLQJ IURP µVWURQJO\ FRXSOHG OLQNV¶ LQ VWHHS QDUURZ
KHDGZDWHUYDOOH\VWRµFRPSOHWHO\EXIIHUHGOLQNV¶LQORZJUDGLHQWFKDQQHOVFURVVLQJ
wide floodplains (Rice, 1994). With increasing distance downstream, the degree of 
coupling generally declines since larger discharges increase the significance of 
fluvial relative to hill-slope activity, and wider floodplains progressively buffer the 
active channel from hill-slope inputs. In Section 3.2.6 it was identified that in 
XSODQGEDVLQVZKHUHVWUHDPFKDQQHOVDUHFORVHO\µFRXSOHG¶WRDGMDFHQWKLOO-slopes, 
a range of sediment sizes significant to sediment dynamics are delivered to the 
channel at the slope base. These deposits locally alter the morphology of streams 
and increase the supply, transport and storage of coarse sediment within the 
channel network (Benda and Dunne, 1997a). However, as recognised in Section 
3.2.6, whilst models have been developed that estimate the relative likelihood of 
sediment delivery into channels, reliable, quantitative prediction of material 
supplied to a reach from the surrounding hill-slopes is an unrealistic goal, 
especially given the lack of data currently available for British catchments. 
As in the case of coarse material supplied by bank retreat, in addition to the 
practical reasoning behind choosing to neglect hill-slope sources in the new model, 
there is also some theoretical justification for doing so. Conventional treatment of 
hill-slope - channel interactions focuses on slope stability and connectivity to the 
channel in governing sediment yield and delivery. However, the transport capacity 
of fluvial processes operating in the channel at the base of the hill-slope may be 
the factor controlling the rate of sediment supply in the medium to long term. This 
is the case because fluvial processes determine the state of basal endpoint for the 
entire hill-slope and hence are a key to controlling slope profile and stability via 
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lateral undercutting and vertical incision or aggradation. Reaches experiencing a 
net deficit of basal sediment are associated with the development of convex slope 
profiles as the channel utilises its excess transport capacity through degradation of 
the bed adjacent to the hill-slope. In contrast, those experiencing net accumulation 
of sediment at the base develop more concave profiles as the flows within the 
channel are unable to remove all of the sediment supplied by slope retreat, leading 
to aggradation and/or lateral bar or berm building (Richards, 1977). Therefore, as 
with bank retreat, the quantity of coarse material supplied from hill-slopes can be 
treated as another one of several ways in which a reach can adjust to having excess 
transport capacity for coarse sediment in relation to the supply from upstream and 
catchment sources. 
 
4.5 Accounting for bed material size 
The rate at which sediment is transported by flow is highly dependent not 
only on the intensity of the flow, but also on the size of the grains available for 
entrainment (Gilbert, 1914). As a result, the majority of sediment transport 
equations (including that developed here in Chapter Six) include a sediment size 
term. The explanation for this is simple: larger grains have greater submerged 
weights making them intrinsically less mobile. In a gravel-bed river, the lower 
mobility of coarser grains is partially offset by their over-exposure in the armour 
layer and therefore mobile bed models attempt to account for differences in the 
mobilities of different grain sizes in the active layer by routing them separately, 
EDVHGRQWKHIORZ¶VWUDQVSRUWFDSDFLW\IRUHDFKVL]HIUDFWLRQ 
Within existing reach-based sediment balance models, there are two 
different ways to account for sediment grain size. The first is to follow the 
DSSURDFKDGRSWHGE\5($6ZKLFKZLOOEHUHIHUUHGWRKHUHDVWKHµVWDWLFVHGLPHQW
VL]H DSSURDFK¶ 5($6 FDOFXODWHV D UHDFK HQHUJ\ EXGJHW based on excess stream 
power per unit bed area YDOXHVIRUWKHGLIIHUHQWVL]HIUDFWLRQVSUHVHQWLQWKHUHDFK¶V
bed material, without reference to the grain size distribution of material supplied 
from upstream. The second approach, adopted in SIAM, is referred to here as the 
µG\QDPLF VHGLPHQW VL]H DSSURDFK¶. SIAM computes transport capacity using not 
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only the grain sizes present in the bed of the reach in question, but also those of the 
sediment delivered from the reach upstream. Hence, the dynamic approach 
accounts for the impact of sediment transfers between reaches on the capacity of 
each reach to transport coarse sediment.  
As identified in Section 3.2.5, lack of sediment data eliminates the 
possibility of representing the effects of bed material gradation on sediment 
transport capacity using either of these approaches in practice. There is, however, 
a fundamental argument concerning whether the size and gradation of bed material 
should be regarded as an independent variable affecting coarse sediment dynamics 
over the steady time-scale that is the focus of the new, reach-based sediment 
balance approach. This argument is unpacked and examined in the remainder of 
this section. 
Bed sediment sizes and gradations vary at several scales within the fluvial 
V\VWHP IURP GRZQVWUHDP ILQLQJ RYHU WKH OHQJWK RI D ULYHU¶V ORQJ SURILOH WR
sediment sorting between pools and riffles and even within individual bars. The 
most obvious manifestation of sorting occurs at the catchment-scale through a 
downstream reduction in the median bed material grain size. Longstream sorting 
of river gravels is commonly represented by an exponential function of 
downstream distance:  
 ܦ ൌ ܦ଴݁ఈ௅ 
Equation 4.1 
 
where ܦ is some characteristic particle size (usually the median or mean particle 
size of the surface material), ܦ଴ is the initial value, ܮ is distance downstream, and ߙ is an empirical diminution coefficient (ߙ ൏  ? ?) (Powell, 1998). Three suites of 
processes have been identified as potential causes of downstream fining: abrasion, 
hydraulic sorting and weathering. Weathering by both chemical and physical 
means can cause substantial particle disintegration if material is stored for long 
periods in exposed sites, but its overall contribution is considered to be small 
relative to the other two processes (Powell, 1998). Abrasion is a summary term 
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covering a range of mechanical actions and as such is very difficult to represent, 
although Parker (1991) developed a theoretical model demonstrating the potential 
impacts of one particular part of the process. Hydraulic sorting operates through a 
combination of selective entrainment, differential transport and selective 
deposition (Powell, 1998). 
Abrasion had traditionally been regarded as the dominant process 
responsible for downstream fining, but experiments using abrasion tanks in the 
mid-20th century demonstrated that the reduction in size and weight of coarse 
particles occurs over a significantly shorter distance in a natural stream compared 
WRWKHµGLVWDQFH¶RIWUDYHOUHTXLUHGWRSURGXFHDVLPLODUUHVXOWLQDQDEUDVLRQWDQN
(Kuenen, 1956). Nevertheless, Schumm and Stevens (1973) argued that a particle 
can vibrate in place without downstream movement so that natural rates of 
downstream fining could be accounted for by abrasion processes. These findings, 
together with the hypothesis that all sizes in a mixture have near-equal mobility 
(Parker et al., 1982; Andrews, 1983) suggested that hydraulic sorting was not 
particularly important in causing downstream fining, and that abrasion was the 
dominant process. This idea that abrasion was responsible for downstream fining, 
and was therefore independent of local channel slope, also reflected a past 
emphasis on the concept of the graded river (Mackin, 1948); the implicit 
assumption being that the slope required to maintain transport continuity decreases 
in the downstream direction in response to an independently generated decline in 
grain size. This assumption was supported by field evidence demonstrating that 
catchment-scale variations in channel slope are correlated with bed material size. 
As bed material size reduces in the downstream direction, a reduced channel 
gradient is required to transport the imposed sediment size (Charlton et al., 1978) 
and overcome the imposed channel roughness (Leopold and Bull, 1979). 
Therefore, because slope was considered to be dependent on grain size, within a 
uni-directional functionalist perspective grain-size had to be controlled by 
something else; the obvious candidate being abrasion. 
However, Ferguson et al. (1996) have more recently described pronounced 
fining over a short distance in a Scottish river where measured abrasion rates were 
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far too small to explain the observed rate of reduction in grain size with 
downstream distance. Bed-load traps and the dispersion of magnetic tracer pebbles 
in six sub-reaches both showed a degree of size sorting during transport. The 
downstream fining trends observed by Ferguson et al. (1996) were also closely 
approximated by simulations using a numerical sediment routing model that routed 
material by size fraction. These combined experimental and model-based results 
suggested that hydraulic sorting was an important explanation mechanism for 
downstream fining.  
In fact, similar findings had been reported earlier by Rana et al. (1973) 
who showed that, for a given long-profile, discharge, and input sediment size 
distribution, multiple fraction point-to-point sediment transport calculations 
resulted in an exponential bed material size reduction in the downstream direction 
caused by the downstream decline in stream energy as the long-profile slope 
diminishes.  
Based on the findings of Rana et al. (1973) and Ferguson et al. (1996), it 
can be argued that, rather than slope adjusting to bed material size, bed material 
size is actually the dependent variable, being controlled wholly by downstream 
changes in stream energy. The findings of Frostick and Reid (1979) support this 
proposal, although they were made in a different context: they identified an 
unusual downstream increase in grain size in semi-arid washes where slope was 
uniform though discharge increased downstream. They interpreted this trend as 
resulting from a downstream increase in flow energy and transport competence, 
resulting in a coarser bed.  
In nature, rather than just one process causing downstream fining patterns, 
the exponent ߙ in Equation 4.1 actually reflects the undifferentiated effects of both 
abrasion and hydraulic sorting, with their relative importance conditioned by the 
lithology and particular coarse sediment dynamics of the system under 
investigation (Powell, 1998). 
 Catchment-scale downstream trends in sediment size reduction are often 
disrupted by material supplied to the channel from local sources such as coupled 
hill-slopes and tributary inputs (Rice, 1994; Rice and Church, 1996; Rice, 1999). 
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Where a sequence of tributaries enters a main stream exponential decreases in 
grain size are interrupted at each junction. Tributary junctions often exhibit a step 
increase in bed grain size, the magnitude which is related to the relative sizes of 
main stream and tributary bed material at each confluence (Knighton, 1980).  
Whilst the supply of material from tributaries and hill-slope sources 
represent examples of the type of stochastic delivery that can influence bed 
material size, tributary inputs can also have a secondary influence that is driven by 
the changes in coarse sediment dynamics that occur at junctions. As noted earlier, 
Ferguson et al. (2006) used a numerical model to predict morphological and 
sedimentary changes downstream of tributary junctions in relation to variations in 
balance between the water and sediment fluxes supplied by the tributary. Ferguson 
et al.¶VPRGHOOLQJ UHVXOWV VKRZHG WKDW Uelatively high ratios of water to sediment 
flux contributed by the tributary caused degradation and sediment coarsening 
downstream of the junction, whilst relatively low ratios of water to sediment flux 
were predicted to cause aggradation and sediment fining. 
Reach-scale sediment sorting associated with pool-bar units is also 
superimposed on catchment-scale downstream trends of decreasing particle size 
(Powell, 1998). The morphology and sedimentology of pool-bar units often reflect 
the complex erosional and depositional histories of their formation. Riffle bars 
tend to have coarser bed material than adjacent pools; this being attributed to local 
sorting mechanisms (Keller, 1971). 
Local streamwise sediment sorting along gravel bars has also been 
identified within natural streams (Bluck, 1987). Selective deposition has been cited 
as being responsible for variations in bed material size at this scale, due to 
continual interaction between the moving bed-load and the texture of the bed 
surface (Powell, 1998). Differences in bed height created by heterogeneous 
sediments of natural river-beds generate a turbulence intensity and scale that 
control the size of clasts which can remain on the surface in two ways. First, flow 
turbulence promotes the removal of relatively fine grains from an initially poorly 
sorted deposit. Second, the turbulence scDOHDQGLQWHQVLW\PD\FUHDWHDµWXUEXOHQFH
WHPSODWH¶ (Clifford et al., 1993) in which only those clasts large enough to tolerate 
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the local turbulence can be deposited. For example, the rough surface of a 
depositional bar creates a coarse pocket geometry that encourages the deposition 
of similar sizes and decreases the likelihood of finer particles settling due to 
increased turbulence around the coarse clasts. Therefore, relatively fine particles 
µrejected¶ at the bar head are transported downstream to the bar tail, where they 
may be deposited, creating down-bar fining (Powell, 1998). Bluck (1987) 
suggested that sorting at the bar-scale contributes substantially to more general 
downstream trends, a hypothesis for which there is some quantitative support 
(Clifford et al., 1993). Certainly, sorting at a large scale must in some way reflect 
the cumulative effect of multiple sorting mechanisms operating at successively 
more local scales, an argument echoed by that of Lane and Richards (1997) in 
their commentary on the important influence that short term, small-scale processes 
exert over the longer-term aspects of landform behaviour. 
It is apparent from the above that variations in bed sediment size at a range 
of spatial scales within fluvial systems can be considered both a dependent as well 
as an independent variable within the process-form framework that governs 
sediment dynamics and channel morphology. For example, at the catchment-scale 
bed material size can be identified both as responding to changes in stream energy, 
based on the concept of hydraulic sorting, but also as driving changes in stream 
HQHUJ\EDVHGRQ0DFNLQ¶V(1948) idea that channel gradient, and therefore stream 
energy, adjusts to bed material size. At a much finer scale, selective deposition of 
sediment of different sizes is dependent on the sediment sizes already present on 
the surface of a bar. Further complicating the spatial distribution of bed material 
sizes along a river is the stochastic delivery of sediment of various fractions into 
the channel by tributaries. As a result, the composition of the bed at any point is 
the spatial and temporal double integral of all past delivery and transfer events in 
the fluvial system. The complexities of these interactions at different scales are 
poorly represented within both evolutionary and functional approaches to 
explaining coarse sediment dynamics, though they may be better appreciated using 
the systems approach pioneered by Chorley (1962) and Schumm (1977).  
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As outlined in Section 3.3.5, a reach-based sediment balance approach 
represents coarse sediment dynamics in a time independent or steady manner, with 
no representation of the process-form and process-response feedback mechanisms 
that operate in the fluvial system. Therefore, despite the complexity associated 
with these interactions, when using a reach-based sediment balance approach it is 
both necessary and justifiable to represent coarse sediment dynamics using only 
those uni-directional, causal relationships that dominate and explain system 
behaviour over steady time-scales. It is therefore necessary to consider which 
aspects of the alluvial system should be treated as the driving variables and which 
should be treated as the response variables in the context of the reach as a spatial 
scale and steady time as a time-scale. As was first recognised by Schumm and 
Lichty (1965), causality depends upon the scale perspective at which the fluvial 
system is examined. In sediment transport analysis, the response variable is the 
quantity of bed material moved per second and the key driving variables are a 
measure of flow intensity and the size of sediment available for entrainment from 
the bed surface. However, at the longer temporal and larger spatial scales 
associated with sediment transfer through the fluvial system, it can be argued that 
the bed sediment size should be considered as responding to sediment transport 
processes rather than driving them.  
It has been identified above that, at the catchment-scale, bed material size 
and channel morphology both drive and respond to coarse sediment dynamics. 
However, it has also been suggested that changes in sediment size have faster 
relaxation times than changes in other aspects of the fluvial system. For example, 
Ferguson et al. (1996) identified that the Allt Dubhaig was able to adjust its bed 
material size far more rapidly than the morphological adjustment otherwise 
required for equilibration. Similarly, Simon and Thorne (1996) showed how rapid 
adjustments in bed roughness and mobility dominated process-response 
mechanisms operating in the North Fork, Toutle River following the eruption of 
Mount St Helens. In truth, neither channel slope nor grain size is a wholly 
independent or dependent variable within sediment dynamics as they influence 
each other through complex, non-linear feedback relationships (Ashworth and 
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Ferguson, 1986). However, it is proposed on the basis of the arguments rehearsed 
here that the bed material grain size should be treated as a dependent variable 
given the catchment (~100-1000km2) and steady-state (~1-100yrs) space and time-
scales relevant to this study. 
As a result of the above it could be concluded that no representation of bed 
material size is necessary within a catchment-scale steady-state representation of 
coarse sediment dynamics: if sediment supply from the channel boundary is 
assumed to be independent of its grain size then between reach transport 
differences are purely a function of differences in hydraulics. Taking this line of 
argument the reach capacity supply ratios described in Section 4.2 could be 
calculated on the basis of an annual energy budget, like that produced by REAS, 
rather than a sediment transport budget. However, as identified in Section 3.3.5, 
there are issues concerning how useful an energy budget LVDVDµVLPSOLILFDWLRQ¶RI
catchment-scale sediment dynamics. This is as studies have demonstrated that the 
relationship between hydraulic parameters and sediment transport capacity is non-
linear: for example, sediment transport capacity is related to excess stream power 
to the power of 1.5 (Bagnold, 1980). An example of the impact of this non-linear 
relationship is that, when excess stream power is integrated over the annualised 
flow duration curve, REAS under-represents the impact of high flow events and 
exaggerates the impact of low flow events. Effects like this will therefore cause an 
approach based purely on hydraulic parameters to systematically miss-represent 
inter-reach sediment differences. As a result, it is necessary to employ some form 
of sediment transport relation. 
Consequently, whilst classifying the bed material size as a dependent 
YDULDEOH ZLWKLQ WKLV VWXG\¶V representation of coarse sediment dynamics at the 
catchment-scale eliminates the need to specify bed material sizes for each of the 
modelled reaches, it still necessary to incorporate some form of representation of 
bed material grain size for use in sediment transport calculations. A potential 
solution is to apply a downstream relationship relating bed material size to either 
distance downstream (as in Equation 4.1) or stream energy (represented by slope 
and/or discharge). However, it is argued here that this type of representation is 
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inappropriate as it is based on the assumption of a channel that is in an average or 
equilibrium state. As with the use of hydraulic geometry relationships to estimate 
WKH FKDQQHO¶V FURss-sectional dimensions (see Section 3.2.2), this approach to 
estimating local bed material sizes would bias the model towards a representation 
of a graded coarse sediment system. Instead, it is proposed that, since bed material 
size is to be treated as a dependent variable, it should be set as a constant for all 
reaches in the modelled fluvial system. Only in this way can the impact of 
downstream changes in stream energy on reach status, including bed material size, 
properly be evaluated. This representation of bed material size marks a clear 
departure from the convention adopted in previous reach-based, sediment balance 
models and, therefore, its impact on model outcomes is explored and evaluated in 
Section 7.4.2. 
 
4.6 Representation of reach-scale coarse sediment transport capacity  
Quantification of the coarse sediment transport capacity in each reach is 
necessary not only to calculate the local capacity, but also to determine the supply 
of sediment delivered to the next reach downstream. Attempts to derive a reliable 
bed-load transport formulae have occupied river engineers and scientists for over a 
century and continue unabated. Given the substantial expense involved in 
collecting bed-load transport data, and the need to predict sediment transfer rates 
for planning purposes, transport formulae are widely applied as predictive tools. 
These transport formulae are constructed on the basis that it is possible to describe 
the rate at which bed material is transported in terms of measurable hydraulic and 
sedimentological variables. Yet, despite the extensive research efforts of the past 
century, which have produced numerous rigorously derived sediment transport 
equations, there remains considerable difficulty in consistently applying any of 
these formulae with a level of accuracy that is deemed acceptable. This is because 
each sediment transport formula has been developed specifically for a given set of 
environmental conditions, and no equation performs consistently well under all 
transport conditions (Gomez and Church, 1989). This means that mobile bed 
models generally include a choice of several sediment transport equations for use 
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under different circumstances. For example, seven different transport functions are 
currently available in HEC-RAS: Ackers and White (1973), Englund-Hansen 
(1967), Laursen (1958), Meyer-Peter and Muller (1948), Toffaleti (1968), Wilcock 
and Crowe (2003), and Yang (1972). However, this situation not only results in a 
marked lack of consistency, but also can create confusion on the part of the user 
when trying to decide which transport relation to apply. 
As identified in Section 3.3.5, this state of affairs led Wallerstein et al. 
(2006) to utilise stream power per unit bed area as a surrogate for sediment 
transport capacity in REAS. As an alternative to this type of approach, and to 
overcome some of the limitations with existing sediment transport equations, an 
objective of this thesis was to develop a new, general relationship for coarse 
material transport capacity that is consistent across all environmental conditions. 
The development of this relationship, and identification of how it may be 
calculated at the catchment-scale is the focus of Chapter Six. 
 
4.7 Identification of reach boundaries  
In any reach-based approach it is important to give careful consideration to 
the means by which reach boundaries are identified. As the variables of interest are 
reach-averaged, the location of reach boundaries impacts directly on the model 
inputs, and consequently the outputs. When applying the reach-based Riverine 
Accounting and Transport model (RAT) to the Los Alamos Canyon, Graf (1996) 
sought to divide the system into reaches with internally consistent processes and 
forms that were noticeably different to those of neighbouring reaches. He used 
geomorphological properties such as channel pattern and dimensions to define 
these functional reaches. In effect, Graf (1996) was identifying reach boundaries 
subjectively, based upon his detailed a priori knowledge of the spatial variability 
of channel morphology throughout the system. Similarly, the reach boundaries 
applied by users of SIAM are user-sSHFLILHGDQGKHQFHGHSHQGRQWKHPRGHOOHU¶V
prior knowledge of catchment morphology. This type of approach to reach 
delineation has its limitations, not just because of its subjective nature, but also 
because it relies on the existence of reliable information on catchment 
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geomorphology, something that cannot be assumed in contemporary river 
management. Where pre-existing information is insufficient for suitable 
boundaries to be identified in this way, a substantial investment of time and money 
in catchment reconnaissance is required, which is often infeasible. Yet, unless in-
depth knowledge of the catchment is obtained, user-designated reaches may be 
unrepresentative and, consequently, impact detrimentally on model outputs.  
Clearly, an alternative, scientifically-sound means of delineating reach 
boundaries objectively and appropriately is desirable. This is explored in Chapter 
Five, which identifies issues concerned with the definition of a reach conceptually, 
before examining reach definitions that have been commonly applied in river 
research and management. Based on one of these definitions, options for defining 
reach boundaries automatically are evaluated and the approach most appropriate 
for reach-based assessment of sediment dynamics at the catchment-scale is 
selected. 
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CHAPTER FIVE 
 
Chapter Five: Defining a reach - automatic delineation of functional river 
reach boundaries for a sediment balance model 
 
5.1 Introduction 
This chapter addresses the definition of a µreach¶ conceptually, before 
examining a number of statistical methods that could be used to detect reach 
boundaries. These statistical methods are currently used within geology to aid 
identification of stratigraphic units. The suitability of each of these methods is 
assessed using a univariate test dataset of predicted bed material transport 
capacities along the main stem of the River Taff in South Wales. Based on this 
assessment, a preferred method for delineating river reach boundaries is identified. 
Finally, in addition to its application to reach-based sediment balance approaches, 
further applications of the selected reach delineation method are considered.  
 
5.2 7KHSHUYDVLYH\HWREVFXUHQDWXUHRIµWKHUHDFK¶ 
Use of tKHµULYHUUHDFK¶DVa scale-related term of reference, is widespread 
in both the academic and professional river research and management 
communities. In fact, its use is ubiquitous across sub-disciplines and across 
geographical regions, as evidenced from the following series of quotations: ³7KH
bed-load formulae examined here are all one-dimensional equations 
parameterised by reach-average K\GURORJLFDO DQG VHGLPHQWRORJLFDO YDULDEOHV´ 
(Barry et al., 2004: 18); ³)RUDOOVLWHVWKHIORZFURVVVHFWLRQDOGDWDZHUHDYHUDJHG
from measurements made at several cross sections along a reach«´ (Bathurst, 
2002: 18); ³«IUDPHZRUN IRU PRGHOOLQJ VL]H VHOHFWLYH WUDQVSRUW DQG VRUWLQJ
capable of being implemented in an RCM at the reach-scale´ (Brasington and 
Richards, 2007: 174); ³)RUWKHJRRGQHVVRIILWGDWDZHUHFRPSDUHGILUVWIRUWKH
entire reach, and subsequently for riffle and pool sub-reaches´ (Clifford et al., 
2005: 3635); ³3+$%6,0 DVVHVVHV WKH KDELWDW µSHUIRUPDQFH¶ RI D reach by 
GHILQLQJLWVµXVDEOHDUHD¶IRUDSDUWLFXODUWDUJHWVSHFLHVEDVHGRn a function of 
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GLVFKDUJHDQGFKDQQHOVWUXFWXUH´ (Emery et al., 2003: 534); ³,QIRUPDWLRQRQWKH
magnitude and variability of flow regimes at the river reach scale is central to 
DVSHFWVRIZDWHUUHVRXUFHVDQGZDWHUTXDOLW\PDQDJHPHQW´ (Holmes et al., 2002a: 
721); ³7KHRYHUDOOHIIHFWRQFDWFKPHQW-scale flood generation will be a function of 
the spatial location and extent of the landscape areas and river channel reaches 
DIIHFWHG´ (O'Connell et al., 2005: 14). 
This pervasive use of the reach results from the need for a manageable, 
scalable reference unit with which to represent patterns of spatial uniformity and 
variability present in natural river systems where the interrelations between forms 
and processes are inherently scale-dependent, and where this scale dependency has 
some form of functional value. The reach, as a coherent unit whose length can be 
scaled on the size of the fluvial system of which it is a part, represents a means of 
simplifying the drainage network into a series of distinct and manageable units. 
For example, in order to collect information on UK river habitat status, the 
(QYLURQPHQW $JHQF\¶V 5LYHU +DELWDW 6XUYH\ LQYROYHV WKH LQVSHFWLRQ RI WKH
physical structure of thousands of individual reaches at locations on rivers all over 
the UK (Raven et al., 1998b). Reach-based habitat information is used to provide 
national coverage based on standard techniques and uniform units of assessment. 
Similarly, hydrologists often utilise the river reach as a reference-scale within 
macro-scale hydrological models. In order to operate at the broad-scale, these 
models simplify the catchment network into a series of interconnected reach-based 
µEXLOGLQJ EORFNV¶ (Paz and Collischonn, 2007). For geomorphologists, the reach 
represents a means of simplifying forms and processes that vary and interact over 
a continuum of spatial scales. This is evident explicitly in the type of reach-based 
sediment balance approach considered here. Within this type of approach, the 
reach-averaging is used so that the highly complex and physically indeterminate 
sediment transport processes and mechanisms that operate at the micro-scale can 
be represented as interactions between channel segments that represent the 
sediment transfer system schematically. 
DHVSLWH WKH SUHYDOHQFH RI WKH WHUP µUHDFK¶ ZLWKLQ ULYHr science and 
management, its definition is far from consistent. The majority of studies fail to 
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define their concept of a reach, and in those that do, there is a marked lack of 
FRQVLVWHQF\ 7KH (QYLURQPHQW $JHQF\¶V 5+6 UHDFKHV DUH D VWDQGDUG P LQ
length, yet hydrologists involved in broad-scale modelling often use the term to 
represent an arbitrary unit based on the length of main stem channel between 
consecutive tributary junctions in the drainage network (Hellweger and Maidment, 
1999). Contrasts in usage are present not only between sub-disciplines, but also 
within sub-disciplines. For example, within the field of geomorphology, a reach 
has been defined as: having a minimum of length of 10-20 channel widths - in the 
classification of mountain channel morphologies (Montgomery and Buffington, 
1997); falling between tributary junctions and grid cell boundaries - in a 
catchment-scale sediment routing model (Benda and Dunne, 1997b); and, a 
geomorphologically homogeneous stretch of river, the boundaries of which are 
defined by observed changes in channel morphology (Eyquem, 2007). In fact, the 
only definition that can completely encompass all observed usages of the term 
reach LVµDOHQJWKRIULYHU¶ 
Clearly, progress in any field of science will be hindered by a lack of 
conformity between definitions of a commonly used term. As a simplified 
example, within a single project, one fluvial geomorphologist may perform a 
reach-scale channel morphology survey over ten channel widths that is to be used 
by another fluvial geomorphologist within a piece of modelling software whose 
reach length is 1 km. Contemporary river science has seen calls for a shift towards 
a fully integrated multidisciplinary approach to catchment management driven, in 
particular, by the European Water Framework Directive (Harper and Ferguson, 
1995; Newson, 2002; Raven et al., 2002; Eyquem, 2007; Orr et al., 2008). In this 
context, inconsistent use of WKH WHUP µUHDFK¶ that is applied widely across all 
branches of river science represents a major potential obstruction to the 
development of integrated river management. 
 
5.3 Operational versus functional definitions of reach boundaries 
Existing definitions of reaches currently fall into three major types: 
operational definitions that describe reach lengths in terms of a set spatial length, 
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for example 500m or 10 channel widths; morphological definitions that describe 
reach lengths based on channel or network form, for example between tributary 
junctions; and functional definitions that describe reach lengths based on the 
distance over which a certain fluvial process operates or at which a specified 
channel form recurs. When looking for consistency, an operational definition of 
constant length initially seems the obvious choice ± a reach is a stretch of channel 
1km in length, for example. However, while fixed length definitions of a reach 
offer consistency, they lack the flexibility to be easily transferred between rivers of 
different scales, and if they do map onto significant channel forms or processes 
they do this purely through serendipity. Not only may a uniform reach length 
definition of 1km be unsuitable for applications where the topic of interest varies 
over scales of 100m or 10km, but also the assigned reach boundaries are unlikely 
to occur at natural breaks in the forms or process of interest. As a result, 
operationally defined reaches often have significant internal inconsistencies in the 
form or process of interest, making reach-averaged representations potentially 
unreliable and inter-reach or inter-river comparisons potentially meaningless. 
Conversely, both morphological and functional reach definitions are 
intrinsically inconsistent in terms of reach length, even within a single study. 
Within fluvial geomorphology, a channel reach is often defined as a stretch of 
river composed of one or more, largely homogeneous geomorphological units, the 
boundaries of which are defined by significant changes in forms and processes 
(Eyquem, 2007). For example, when Graf (1996) identified 11 reaches along the 
~20km long Los Alamos Canyon in New Mexico, they ranged in length from 61m 
to 4568m. Yet, despite their irregular lengths these reaches were consistent in 
terms of their definition: they each represented specific and identifiable channel 
segments with processes and forms that were internally constant and could be 
differentiated from those in neighbouring segments. Definitions such as this 
therefore are consistent (in terms of geomorphology) yet flexible (in terms of 
length) as a means of dividing the fluvial system into reaches. As a generic 
methodology, defining reaches as lengths of channel within which forms and 
processes are more, rather than less, similar has the potential to be utilised across 
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all river science disciplines. By consistently assigning reaches based on 
minimising within reach variation in the form and process of interest, riverine 
researchers and practitioners can more easily justify the assumption that in a 
catchment-scale representation of the fluvial system, reaches are lengths of 
channel with homogeneous properties. It is this assumption that underpins the 
simplification of micro-scale complexity that makes the reach such a useful 
concept for catchment-scale research and management. 
 
5.4 Identification of functional reach boundaries 
A major obstacle to practical application of functional definitions of river 
reaches is that they generally require detailed a priori knowledge of the system in 
TXHVWLRQ LQRUGHU WR LGHQWLI\ZKHUH WKHIXQFWLRQDO UHDFKERXQGDULHV OLH ,Q*UDI¶V
(1996) study, this was possible since he was dealing with a relatively small, and 
intensively studied research catchment. In many river management applications, 
this is not the case ± reach boundaries need to be identified without recall to the 
resources necessary to reconnoitre the catchment in detail. Therefore, if functional 
definitions of reach boundaries are to be widely applied, a means of reach 
delineation is required that does not require detailed a priori knowledge. 
Fortunately, the quantity and quality of relevant data that is now available means 
that it is possible to search for reach boundaries using statistical techniques. For 
example, in their study of planform dynamics of the Lower Mississippi River, 
Harmar and Clifford (2006) needed to divide the river into reaches with similar 
planform characteristics. They applied a statistical zonation algorithm to a data 
series based on lateral direction changes digitised from historic maps. The 
remainder of this chapter builds on the approach developed by Harmar and 
Clifford (2006; 2007), which was targeted on morphological and longer-term 
process realisations, and explores the potential for using statistical methods to 
define functional reach boundaries based on the concept that the reach 
characteristics of interest are internally homogenous and comparatively distinct 
with respect to reach-averaged sediment transport capacity. 
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5.5 Study site and data sequence: sediment transport capacity along the River 
Taff, South Wales 
The data sequence used in this exercise is the predicted bed material 
transport capacity for the Mean Annual Flow (ܳெ஺ி) along the main stem of the 
River Taff. The physiography of the Taff catchment is described in Section 7.3.1, 
but to summarise, it is a large, cobble-bed river in South Wales that flows south 
from the southern Brecon Beacons to its confluence with the Severn estuary in 
Cardiff (Figure 7.4). The Taff was selected as the study site because of the 
relatively comprehensive data availability throughout its catchment. This is 
explained in more detail in Section 7.3.1, but in summary, LiDAR data covering 
the entire River Taff was made available to this study and provision of such 
extensive LiDAR data is relatively rare for academic studies. 
Predicted bed material transport capacity was selected as the test variable 
as it is the parameter of primary importance in the reach-based sediment balance 
model developed in this thesis. To generate a sequence of ܳெ஺ி bed material 
WUDQVSRUW FDSDFLW\ YDOXHV DORQJ WKH 7DII¶V PDLQ VWHP WKH EHG PDWHULDO WUDQVSRUW
relationship derived in Chapter Six was applied using channel slope, width and ܳெ஺ி values calculated every 50m along the channel in the manner described in 
Section 6.6. The resultant data sequence is displayed in Figure 5.1. 
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Figure 5.1 Data used for the River Taff main stem, values every 50m. (A) LiDAR channel 
elevation and slope values; (B) MasterMap width channel values; (C) ܳெ஺ி values 
derived from catchment variables; (D) ܳெ஺ி bed material transport capacity values. 
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5.6 Sequence zonation algorithms 
³,QUHFRJQLVLQJVHJPHQWVRIVHTXHQWLDOGDWDZKLFKKDYHOLNHSDWWHUQV WKH
JHRORJLVW KDV QR HTXDO´ (Hawkins and Merriam, 1973: 389). Various sub-
disciplines within geology have had a long interest in dividing data sequences into 
relatively uniform segments that are distinctive from other, adjacent segments 
(Davis, 2002). For example, well-logs need to be sub-divided into relatively 
uniform sections that represent zones of consistent lithology, which correspond to 
stratigraphic units. Palaeontologists zone stratigraphic sequences on the basis of 
consistent abundance of microfossils. Airborne radiometric traverses may be sub-
divided into zones that can be interpreted as belts of uniform rock composition or 
consistent mineralisation. Given their expertise in identifying relatively 
homogenous stratigraphic units, when attempting to identify relatively 
homogenous river units (reaches) it seems prudent to make use of techniques 
already proven in geology. 
There are essentially two, FRQWUDVWLQJ DSSURDFKHV WR ]RQDWLRQ µORFDO
ERXQGDU\KXQWLQJ¶DQGµJOREDO]RQDWLRQ¶(Davis, 2002). Both have been applied to 
data series that propagate in either time or space. Local boundary hunting 
procedures begin at one end of a sequence and progressively move to the other 
end, identifying abrupt changes in average values. Webster (1973) proposed one of 
the original versions of this type of procedure. His method involved a sampling 
µZLQGRZ¶ RI D VSHFLILHG ZLGWK SDVVLQJ WKURXJK HDFK RI WKH GDWD SRLQWV Figure 
5.2A). The window is divided in two, either side of the point in question. The 
technique involves comparing the difference between the points within the 
window that are located either side of the point in question, and then plotting these 
differences as the window moves through the data sequence (Figure 5.2B). The 
principle is that the difference between the two halves of the window will be 
largest at points where the most significant discontinuities in the data occur. 
Various statistics may be used to quantify the difference between the two halves of 
the window. One of the more commonly used statistics is the generalised distance 
(ܦଶሻ 
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ܦଶ ൌ ሺ തܺଵ െ തܺଶሻݏଵଶ ൅ ݏଶଶ  
Equation 5.1 
 
where തܺଵ and തܺଶ are the mean values from either side of the window, and ݏଵଶ and ݏଶଶ are the variance for the data either side of the window. The zone (reach) 
boundaries are then identified based on the points in the series with the maximum 
intra-window, generalised distances (Figure 5.2C). 
Webster (1973) noted that the performance of this procedure varies with 
the width of the moving window (see Figure 5.2B and Figure 5.2C versus Figure 
5.2D and Figure 5.2E). A wide window will average across small zones, subduing 
any erratic variability, but also masking any local variability. A narrow window is 
more sensitive, and will identify local changes in the sequence, but may also pick 
up noise in the original sequence. 
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Figure 5.2 'HPRQVWUDWLRQRI:HEVWHU¶VORFDOERXQGDU\KXQWLQJPHWKRGRQDGRZQVWUHDm 
sequence of bed material transport capacity for the main stem of the River Taff, South 
:DOHV$'RZQVWUHDPSORWRIEHGPDWHULDOWUDQVSRUWFDSDFLW\ZLWKVDPSOLQJµZLQGRZ¶
(B) Downstream plot of generalised distances (D2) in bed material transport capacity 
using a window width of 500m; (C) Downstream plot of reach-averaged bed material 
transport capacities using reach boundaries identified using a window width of 500m; (D) 
Downstream plot of generalised distances (D2) in bed material transport capacity using a 
window width of 2km; (E) Downstream plot of reach-averaged bed material transport 
capacities using reach boundaries identified using a window width of 2km 
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By contrast, global zonation procedures break the sequence into segments 
which are as internally homogenous as possible and as distinct as possible from 
their adjacent segments. Unlike local boundary hunting methods, global 
procedures consider the entire sequence at once, rather than just the portion within 
a moving window (Davis, 2002). Three global zonation methods are considered 
here. The first was originally devised by Gill (1970) to analyse well-logs. This 
applies an iterative analysis of variance approach (Figure 5.3). The data sequence 
begins as one long zone (reach) and is temporarily divided into two zones, with the 
provisional partition falling between the first and second points in the sequence. At 
this stage, the sum of squares within the two temporary zones (ܵܵ௪) is calculated 
using 
 ܵܵ௪ ൌ ෍ ෍ ሺݔ௜௝ െ തܺכ௝ሻଶ ෍ ௝݊ െ݉௠௝ୀଵൗ௡ೕ௜ୀଵ௠௝ୀଵ  
Equation 5.2 
 
where ݔ௜௝ is the ݅th point within zone ݆, തܺכ௝ is the mean of the ݆th zone, ௝݊  is the 
number of points in the ݆th zone, and ݉ is the number of zones. Once this has been 
calculated, the partition between the two zones is moved along the sequence to 
successive positions and ܵܵ௪ is calculated for every possible position of the 
partition. The partition which results in the lowest ܵܵ௪ is selected as the first zonal 
boundary, forming two zones. The procedure then starts again, with the ܵܵ௪ 
calculated for every possible position of the second partition, the minimum of 
ZKLFKLVXVHGWRGLYLGHWKHVHTXHQFHLQWRWKUHH]RQHV,QWKLVPDQQHU*LOO¶V(1970) 
method seeks to identify the zonation that minimises the variance within each zone 
(reach) and maximises the difference between the zones (reaches). The zonation 
procedure continues until the proportion of total variance explained by the 
zonation increases beyond a specified level. 
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Figure 5.3 'HPRQVWUDWLRQ RI *LOO¶V DQDO\VLV-of-variance global zonation method on a 
downstream sequence of bed material transport capacity for the main stem of the River 
Taff, South Wales. The numbers represent the order in which the partitions are made in 
the sequence. 
 
An alternative global zonation procedure was published by Hawkins and 
Merriam (1973). They found that, with a non-UHFXUVLYHSURFHGXUH VXFK DV*LOO¶V
(1970), it is possible that the location chosen as the optimal partition at one stage 
in the iteration may no longer be optimal when looking to insert the next partition. 
As a solution, Hawkins and Merriam (1973) proposed a procedure that is similar to 
*LOO¶V(1970), but whiFKLVUHFXUVLYHDQGWDNHVDGYDQWDJHRI%HOOPDQ¶VSULQFLSOHRI
optimality (Bellman, 1957) to ensure that the final set of zone boundaries is the 
EHVW SRVVLEOH FRPELQDWLRQ /LNH *LOO¶V (1970) PHWKRG +DZNLQV DQG 0HUULDP¶V
(1973) recursive procedure begins with the data sequence as one continuous zone. 
7KHQZKLOVW*LOO¶VPHWKRGPDNHV LWV LQLWLDOGLYLVLRQEDVHGRQ WKHPLQLPXPܵܵ௪ 
IURP DOO SRWHQWLDO ORFDWLRQV RI WKH ILUVW SDUWLWLRQ +DZNLQV DQG 0HUULDP¶V
procedure calculates the ܵܵ௪ value for every possible combination of the first two 
partitions. Once the combination of two partitions that results in the minimum ܵܵ௪ 
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has been found, the procedure applies just the first of these partitions, dividing the 
sequence into two zones. To divide the sequence into three zones, the procedure 
considers which combination of the second and third partitions will result in the 
lowest ܵܵ௪. The process again continues until the proportion of total variance 
explained by the zonation increases beyond a user-specified level. Because of the 
UHFXUVLYHQDWXUHRI+DZNLQVDQG0HUULDP¶VPHWKRGIRUDJLYHQQXPEHURI]RQHV
it is guaranteed to have the smallest within zone variance out of all of the possible 
combinations. However, this optimality is achieved at far higher computational 
cost. 
Bohling et al. (1998) developed a zonation procedure to analyse well-logs 
based on hierarchical cluster analysis. This method differs from those of Gill 
(1970) and Hawkins and Merriam (1973) in that, rather than starting with the data 
sequence as one contiguous zone, it begins with the data sequence divided into as 
many zones (reaches) as there are values in the sequence. The first iteration 
involves calculating the difference between the value of every zone ݅ and its 
neighbour, ݅ ൅  ?. The pair of zones with the smallest difference is combined into 
one zone. In the next iteration, this new composite zone is treated as a single 
object defined by the mean value of the points within it. The process continues, 
with more and more zones being progressively joined together, based on their 
similarity to each other (Figure 5.4). Unlike global zonation methods, which 
reduce ܵܵ௪ with every iteration, the cluster method begins with zero within-zone 
variance (ܵܵ௪) and each iteration results in an increase in ܵܵ௪ until the proportion 
of total variance explained by the zonation falls below a user-specified level. 
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Figure 5.4 'HPRQVWUDWLRQRI%RKOLQJ¶VKLHUDUFKLFDOFOXVWHUJOREDO]RQDWLRQPHWKRGRQD
downstream sequence of bed material transport capacity for the main stem of the River 
Taff, South Wales 
 
5.7 Evaluation of sequence zonation algorithms 
All four of the sequence zonation algorithms described above were applied 
to the sequence of predicted bed material transport capacity data calculated for the 
River Taff. Figure 5.5 compares the ability of each algorithm to define internally 
homogenous and comparatively distinct reaches based on how the proportion of 
variability explained by the reach boundaries (ܴ) increases with the number of 
reaches identified, where ܴ ൌ ܵܵ஻ ሺܵܵ஻ ൅ ܵܵௐሻ ? , ܵܵ஻ is a measure of the variance 
of the reach means about the grand mean of the whole sequence ( ധܺככ) 
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 ܵܵ஻ ൌ ෍ ሺ തܺכ௝ െ ധܺככሻ ݉ െ  ? ?௠௝ୀଵ  
Equation 5.3 
 
and ܵܵௐ, ݆, ݉ and തܺכ௝ are as defined in Equation 5.2. This assumes that the higher 
the proportion of variability explained by the reach boundaries for a given number 
of reaches, the more suited the zonation algorithm is to defining functional river 
reaches.  
7KH WKUHHJOREDO ]RQDWLRQDOJRULWKPVDOO SHUIRUPHGEHWWHU WKDQ:HEVWHU¶V
local boundary hunting method. When dividing the initial sequence into reaches, 
DOO WKUHH YHUVLRQV RI :HEVWHU¶V DOJRULWKP H[SODLQ FRQVLGHUDEO\ OHVV YDULDWLRQ
(lower R) than the methods of Gill, Hawkins and Merriam and Bohling. The main 
ZHDNQHVVRIORFDOERXQGDU\KXQWLQJSURFHGXUHVOLNH:HEVWHU¶V(1973) is that they 
are concerned with finding local breaks in the sequence, with little reference to the 
importance of these breaks in the sequence as a whole. Therefore, they do not 
necessarily prioritise the break points that are of most importance in terms of 
minimising intra-reach and maximising inter-reach differences. Further, as 
identified by Davis (2002) and illustrated in both Figure 5.2 and Figure 5.5, the 
performance of local boundary hunting procedures is dependent on the width of 
the moving window, a variable for which the specification is somewhat arbitrary. 
This makes the effective application of a local boundary hunting method difficult 
without the detailed a priori knowledge necessary to inform the choice of an 
optimum window width. The three global zonation algorithms explain similar 
proportions of variation as the initial data sequence is divided into multiple 
reaches. However, after the sequence has been divided into approximately 25 
reaches, the pURSRUWLRQRIYDULDQFHH[SODLQHGE\%RKOLQJ¶VDOJRULWKPIDOOVEHORZ
that explained by the other methods.  
A further, detailed comparison of the actual reach boundaries identified by 
the Gill and Bohling methods reveals an important difference in how they 
prioritise reach boundary placement. Figure 5.6 shows the reach extents identified 
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by each of the algorithms for equivalent numbers of reach boundaries. 
Examination of this, and other zonations, by the two algorithms shows that the 
Bohling, clustering-based, method tends to identify boundaries at large, local 
inconsistencies in the data sequence. This is because it is at these points that the 
clustering method avoids grouping points on either side into reaches. By contrast, 
Gill¶s method identifies boundaries based on broader-scale differences in the data 
sequence, rather than individual local/temporary inconsistencies. This means that 
individual large local variations are tolerated within a reach, as long as the total 
variation within all reaches is kept to a minimum. This is preferable, as large local 
changes, such as those associated with morphological steps in a step-pool reach, or 
weirs in a low gradient reach with a number of in-stream structures, do not 
necessarily constitute functional reach boundaries when considered in the context 
of the entire catchment. This also means that the analysis of variance approaches 
are less sensitive to local discrepancies in data.  
Based on these results, the analysis of variance approaches adopted by Gill 
(1970) and Hawkins and Merriam (1973) seem well suited to the identification of 
river reach boundaries. Not only do they statistically minimise within-reach 
variation while maximising between reach differences, but they also identify reach 
boundaries based on broad-scale, functional changes because they are less 
influenced by local inconsistencies in the data sequence.  
Unsurprisingly, given their related structure, the Gill (1970) and Hawkins 
and Merriam (1973) methods explain almost exactly the same proportion of 
variation for any specified number of reach boundaries. In practice, the locations 
of reach boundaries identified by these two algorithms are also nearly identical. As 
PHQWLRQHGHDUOLHUWKHUHFXUVLYHQDWXUHRI+DZNLQVDQG0HUULDP¶VPHWKRGFRPHV
at a high computational cost, especially when dealing with a large number of data 
points. In this investigation, it took over a week for a standard modern desktop 
computer (Dual Core 2Ghz processor, 2GB RAM) to place 100 reach boundaries 
in the Taff data sequence. As, at least in this application, there is little difference 
between the reach boundaries identified by the Gill and Hawkins and Merriam 
methods, the faster, non-recursive algorithm was selected. 
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Figure 5.5 Change in R (proportion of variability explained by reach boundaries) with the number of reach boundaries identified for each of the 
zonation algorithms considered. 
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Figure 5.6 Comparison of reach boundaries selected by the Gill (solid green lines) and Bohling (red dashed lines) zonation algorithms along the 
River Taff main stem. (A) Downstream plot of bed material transport capacity; (B) Reaches identified by the two zonation algorithms after 5 
boundaries; (C) identified by the two zonation algorithms after 17 boundaries. 
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5.8 Incorporating a functional reach boundary hunting algorithm into a 
reach-based sediment balance approach 
It is recognised that the testing of the boundary hunting algorithms 
described above cannot be considered complete. The above testing has just shown 
that *LOO¶V (1970) zonation algorithm is the most suited to identifying reach 
boundaries within the main stem of the River Taff that statistically minimise 
within-reach variation in sediment transport capacity while maximising between 
reach differences. This testing is limited in that: 
i) It is based on the assumption that minimisation of within-reach variability 
in sediment transport capacity is equivalent to identification of functional 
reach boundaries; and  
ii) The main stem of the Taff is representative of all rivers in regard to its 
division into functional reaches. 
In order to fully test the suitability of *LOO¶V(1970) zonation algorithm for 
defining functional reach boundaries it is therefore necessary to test it, and the 
other zonation algorithms, against expertly identified functional reach boundaries 
within a range of river types. However, this is not attempted within the scope of 
this study and therefore this additional testing of zonation algorithms is 
recommended as an area for future research. The testing described in this chapter 
is therefore considered sufficient to warrant the inclusion of *LOO¶V(1970) zonation 
algorithm into the new reach-based sediment balance model developed in this 
study. In order to ensure that the zonation algorithm produces reaches that are 
useful for application within the model, a number of additional amendments were 
made to the zonation process. These are summarised in the remainder of this 
section. 
As described above, within zonation algorithms the number of reaches that 
the data sequence is divided into is controlled by the proportion of the variability 
in the sequence (R) explained by the reach boundaries. Therefore, selecting 
different values for R will alter the number and length of reaches delineated by the 
zonation algorithm. It was decided that R should be a user-defined parameter in the 
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new approach, but that its default setting should be 0.01 (explanation of 1% of the 
total variability in the predicted transport capacity data sequence). 
Due to the representation of the entire catchment network in the new reach-
based sediment balance model it is also necessary to ensure that a new reach 
begins at every confluence so that the inputs to the reach downstream of a 
confluence include both the outputs of the reach upstream on the main stem, and 
the outputs of the reach upstream on the tributary. To achieve this, the zonation 
code was modified so that boundaries at each confluence in the network are 
imposed before any new reach boundaries are found. 
During testing, it was found that more extreme values of sediment transport 
capacity impacted more strongly on the proportion of variability explained by the 
reach boundaries (R). Therefore, to improve the consistency of performance of the 
zonation algorithm across a range of different catchments, the data sequence used 
in the zonation procedure was converted from the raw predicted transport capacity 
series into a ranked series where each point in the sequence was given a rank 
number depending on where that value fell in relation to all the other values in the 
series. This was found to improve the performance across a range of different 
catchments, while maintaining consistency in the process underpinning the reach 
boundary hunting process. 
Finally, it was also observed that, where a data sequence included a section 
with a significant and progressive increase or decrease, more than one reach 
boundary may be identified within that increasing or decreasing sequence. This 
tends to mask the overall difference in transport capacity between the start and end 
of the sequence, since the total difference is split over multiple reach boundaries. 
To avoid this problem, the zonation algorithm was modified so that the proximity 
of successively increasing or decreasing reach boundaries was considered in 
blocks of at least five segments. 
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5.9 Alternative applications for sequence zonation algorithms 
5.9.1 Broad-scale reach habitat quality restoration prioritisation ± River Frome, 
Somerset 
Driven in part by the European Water Framework Directive (Harper and 
Ferguson, 1995; Newson, 2002; Raven et al., 2002; Eyquem, 2007; Orr et al., 
2008), there has been a recent increase in recognition of the importance of 
conserving or restoring river habitat as part of modern river management. To 
DFKLHYH µJRRG HFRORJLFDO VWDWXV¶ WKURXJKRXW D FDWFKPHnt, river scientists and 
managers need to identify, and prioritise, those parts of a river with the highest 
potential for habitat restoration. The most widely available data source that gives 
LQIRUPDWLRQ RQ ULYHU KDELWDW TXDOLW\ LV WKH (QYLURQPHQW $JHQF\¶V River Habitat 
Survey (RHS ± see Section 3.2.2).  
The Habitat Quality Assessment (HQA) scoring system is a broad measure 
RIWKHGLYHUVLW\DQGµQDWXUDOQHVV¶RISK\VLFDOKDELWDWVWUXFWXUHLQWKHFKDQQHODQG
river corridor based on data contained within the RHS. The HQA score of a site is 
determined by the presence and extent of habitat features of known wildlife 
interest recorded during the field survey. Rare features such as waterfalls more 
than 5m high and extensive fallen trees score additional points in the HQA. Point 
scoring for the HQA system is based on a consensus of informed professional 
judgment. It is subjective, but provides the necessary consistency for comparisons. 
Features that score within the HQA are consistent with those included in the 
µ6\VWHPIRU(YDOXDWLQJ5LYHUVIRU&RQVHUYDWLRQ¶6(5&21IRUZKLFKDSDQHORI
ecological experts identified the attributes of most value to riverine wildlife (Boon 
et al., 1997). 
Raven et al. (1998b) warn that comparison of HQA scores for different 
river types is not meaningful, but by comparing the HQA scores between reaches 
in the same catchment, it is possible to identify whether a reach provides relatively 
high or low quality habitat. This information can be used by river managers and 
conservationists to identify locations within a catchment where river habitat 
restoration efforts would have the best chance of success. However, as 
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demonstrated in Figure 5.7A, which shows the HQA scores for a series of RHS 
reaches along the River Frome in Dorset, locations of high and low quality habitat 
are not clearly defined. This is because the boundaries of the operationally defined, 
uniform 500m RHS reaches are not aligned with the forms and processes that 
influence habitat quality but are, instead selected arbitrarily. This means that 
variations in river habitat quality at a spatial scale finer than 500m are not 
discernible in the RHS-based HQA scores. Neither is the spatial distribution of 
habitat quality at a spatial scale coarser than 500m initially apparent from HQA 
scores based on operationally defined, 500m reaches. As the RHS reach 
boundaries and the forms and processes of interest do not necessarily align, 
difficulty arises in identifying the location and spatial extent of the sections of 
channel over which habitat quality is low. Therefore, the reaches of channel where 
management action has the highest priority cannot be discerned.  
Little can be done to identify any functional reaches that may occur at a 
scale smaller than the 500m RHS reach length, but an automatic reach delineation 
algorithm could be applied to a longitudinal sequence of HQA scores to identify 
functional reaches that are associated with broader-scale variation in river habitat 
quality. Figure 5.7B demonstrates how the sequence of HQA scores in Figure 
5.7A can be automatically discretised into a series of functional reaches using 
*LOO¶V (1970) analysis of variance global boundary hunting algorithm. The 
detection of reaches based on statistically defined boundaries in the HQA data 
sequence, rather than on an arbitrarily selected uniform length of channel, not only 
identifies changes in habitat quality but also reveals a clear spatial structure to the 
data (Figure 5.7C). These outputs would, therefore, be useful to river managers 
seeking to prioritise parts of a catchment for river habitat restoration. Further, from 
DUHVHDUFKHU¶VSHUVSHFWLYHWKHEURDG-scale variations in habitat quality revealed in 
Figure 5.7C could also be linked to other catchment variables to identify broad-
scale drivers of habitat quality status. 
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Figure 5.7 Identification of functional reaches based on RHS Habitat Quality Assessment 
(HQA) scores on the River Frome, Dorset. (A) Downstream plot of HQA scores for all 
RHS site. (B) Downstream plot of average HQA scores for functional reaches. (C) Map 
showing spatial distribution of average HQA scores for functional reaches. 
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5.9.2 Spatial framework for integrated catchment management 
It has been demonstrated here that automatic functional reach delineation 
can be applied within multiple disciplines of river research and management: 
*LOO¶V (1970) zonation algorithm has not only been successfully applied to a 
sequence of predicted sediment transport capacity values for the main stem of the 
River Taff, but it has also been used to split a sequence of Habitat Quality 
Assessment scores along the River Frome in Somerset into meaningful reaches. In 
practice, this type of automatic functional reach identification procedure could be 
applied to numerous other aspects of river research and management. For example, 
investigations into how water quality varies spatially throughout a river network 
could use an automatic functional reach delineation procedure to a longitudinal 
series of Water Quality Index (WQI) values. The resultant, discretised reaches and 
their reach-averaged WQI values could help simplify downstream spatial variation 
and emphasise meaningful spatial structure in the data. Similarly, the procedure 
could be applied to sequences of bed material size, invertebrate richness, channel 
width, or pollutant concentration.  
It has been argued here that global zonation procedures are of practical 
utility in many aspects of river research and management due to their capability 
for identifying functional river reaches based on univariate data series. However, a 
potentially more important application remains unexplored. Since the mid-1990s, 
the tradition of reporting on different aspects of rivers in isolation has been 
superseded by a multidisciplinary approach based on the principles of integrated 
river basin management (Harper and Ferguson, 1995). Raven et al. (1998a) 
identified that, in order to facilitate integrated approaches, all management 
µYLHZSRLQWV¶QHHGWREHEDVHGXSRQDFRQVLVWHQW\HWIOH[LEOHDSSURDFK 
Data sequence zonation algorithms can be applied not only to univariate 
data (as demonstrated herein), but also multivariate data sequences (Davis, 2002). 
To facilitate this, the data sequences must be standardised so that they each have 
an equal influence on the zonation, and the resultant boundaries represent divisions 
that are dominant across all of the contributing variables. There is, consequently, 
the potential to apply an algorithm similar to that proposed by Gill (1970), across 
  
206 
several data sequences that each represent a variable of interest in the context of 
integrated catchment management. For example, functional reach boundaries 
could be identified based on sequences representing sediment transport capacity, 
habitat quality, water quality, invertebrate abundance, and low flow discharge. The 
resultant, combined functional reaches would then provide a consistent spatial 
framework within which all of these aspects of river management could be 
considered in an integrated approach. 
Further research into advancing the utility of automatic reach boundary 
hunting algorithms is recommended, first with the aim developing the optimum 
statistical procedure for reach designation and, second and more importantly, to 
explore how this type of technique can be deployed in developing practical data 
handling strategies needed to underpin integrated catchment management. 
Following the progress made in Chapters Four and Five, the remaining 
issue requiring resolution in the formation of a new reach-based sediment balance 
approach is the development of a suitable sediment transport relationship. This 
will be the focus of Chapter Six. 
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CHAPTER SIX 
 
Chapter Six: Predicting reach coarse sediment transport capacity ± 
development of a general bed material transport relationship 
 
6.1 Introduction 
Coarse sediment transport drives the relationship between the hydraulics of 
flow and the characteristics of the bed materials that control river-channel 
morphology. Consequently, as outlined in Section 2.5, knowledge of coarse 
sediment transport is necessary to inform the understanding of channel change. 
Also, knowledge of coarse sediment transport is essential to river managers, as 
they need it to inform decision making when addressing problems in the fluvial 
environment and attempting to achieve multiple, functional objectives.  
As identified in Section 4.6, due to the substantial expense involved in 
collecting bed-load transport data, sediment transport formulae are widely applied 
as predictive tools. However, there remains considerable difficulty in consistently 
applying any of these formulae with a level of accuracy that is deemed acceptable. 
This chapter explores the reasons behind this apparent failure, arguing that they 
result as much from the unreasonable expectations of those deriving and 
evaluating sediment transport formulae as they do from our limited ability to 
represent the physical processes involved in the bed-load transport. Based on this 
line of argument, this chapter describes the derivation of a new general expression 
for the rate of coarse sediment transport by a stream. This general expression is 
based upon the analysis of over 120 separate bed-load transport datasets. These 
datasets are examined to identify the hydraulic parameter that is correlated most 
strongly with measured bed-load transport rates. The datasets are subsequently 
modified, first, to account for supply-limitations and, second, to represent the 
transport of the observed bed surface material, rather than the entire bed-load. The 
resulting transport-limited, bed surface material transport datasets are then used to 
derive a relationship between the selected hydraulic parameter and the bed surface 
material transport rate. The nature of this new relationship is described and its 
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implications discussed before the practical procedures necessary to apply it to 
British rivers at the catchment-scale are described. 
 
6.2 µ)DLOXUHV¶WRDGHTXDWHO\UHSUHVHQWEHG-load transport rates 
 
The mechanics of sediment transport is so complex that it is extremely unlikely 
that DIXOOXQGHUVWDQGLQJZLOOHYHUEHREWDLQHG« a µuniversal sediment transport 
equation¶ is not and may never be available. 
(Simons and Senturk, 1992: 695) 
 
This quote characterises the state of exasperation that many sediment 
transport scientists and engineers have reached in their attempts to consistently 
represent sediment transport rates to a level of precision and accuracy that is 
deemed acceptable. In the 130 years since du Boys (1879) made the first attempt 
by modern scientists to quantify the relationship between hydraulic variables, 
sedimentological variables and sediment transport rate, a succession of sediment 
transport scientists have followed his lead, each attempting to resolve the 
inconsistencies and inaccuracies of those that preceded them. Yet, despite the 
substantial investment into this sphere of research, no existing sediment transport 
formula has yet been found to consistently predict transport rates to an acceptable 
level of accuracy (Gomez and Church, 1989; Bravo-Espinosa et al., 2003; Barry et 
al., 2004). There are two key factors responsible for this. The first factor relates to 
the manner in which sediment transport formulae are derived together with a 
paucity of reliable empirical data. The second factor is concerned with the over 
ambitious and, in some applications, potentially unnecessary, levels of accuracy 
and precision expected of transport formulae. 
The majority of studies into sediment transport rates involve construction 
of a formal relation between selected hydraulic and sedimentological parameters 
and the sediment transport rate, either through empirical measurements made in 
field and flume conditions or based on theoretical principles. In either case, the 
resultant relationship is generally tested and calibrated using a limited body of 
empirical data. Gomez and Church (1989) highlighted adherence to this common 
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approach as being a driver behind the inability of sediment transport equations to 
meet expected standards of accuracy, which had led to the ³SUROLIHUDWLRQ UDWKHU
than the consolidation of bed-ORDG WUDQVSRUW IRUPXODH´ (1989: 1161). The 
outcome is that over a century of research has not resulted in a single, general 
sediment transport formula, but multiple formulae, each of which can adequately 
predict sediment transport rates, but only under conditions similar to those from 
which they were derived. It is therefore unsurprising that Gomez and Church 
(1989) found none of these formulae performed well across a wide range of 
hydraulic and sedimentological conditions. 
The large number and variety of sediment transport relations is, perhaps, to 
be expected given the diversity and complexity of transport conditions that exist 
within natural systems. Early attempts at deriving transport relations were 
justifiably based around simple representations of the fluvial system: unimodal 
sediments of regular shape under controlled flow conditions. The resulting 
equations reflected these simple representations of the nature of the hydraulic and 
sedimentological conditions. But in natural systems, a large number of variables 
influence the transport of bed material. The sediment size, density of material, 
grain shape, breadth of grain size distribution, modality of grain size distribution, 
degree of packing, presence of vegetation, level of imbrication, bedform 
roughness, presence of fines, upstream sediment supply, and irregularity of flow 
over the bed can all influence transport rates (Gomez, 1991; Simons and Senturk, 
1992; Wilcock and Crowe, 2003). Because each of these factors varies between 
the empirical datasets that have been used to develop and calibrate sediment 
transport formulae, each formula is specific to those conditions. 
Recent attempts to predict bed-load transport rates have begun to account 
for more of the factors identified as influencing transport rates. For example, 
Wilcock and Crowe (2003) present a multiple size fraction bed-load transport 
model that not only incorporates a hiding function to account for the influence of 
hiding and protrusion, but also accounts for the nonlinear effect of fines content on 
gravel transport rate. The addition of variables representing these effects into the 
transport relationship increases the breadth of sedimentological conditions across 
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which the formula can be applied. It is therefore possible that, through a similar 
process, a model for bed-load transport could be derived that accounts for all the 
factors known to influence transport rates. However, it is clear that there is much 
work still to be done. Further, the complexity of any expression that incorporates 
the effects of all influencing factors would limit its application to those rare 
situations where the end-user has detailed knowledge of all aspects of the fluvial 
and sedimentological system. Richards (2004: 112) reached a similar conclusion, 
identifying that theoretical sediment transport equations ³FDQUDUHO\DFFRPPRGDWH
DOOWKHSRWHQWLDOYDULDEOHVZLWKRXWEHFRPLQJSUDFWLFDOO\XQZRUNDEOH´ 
The conventional approach described above, whereby transport relations 
were derived and tested using simplified representations of the fluvial system, did 
not only result in expressions that were unsuited to application in natural systems. 
It also raised the expectations of sediment transport researchers in terms of the 
level of accuracy that should be expected from sediment transport formulae. 
Failure to produce sediment transport equations that achieve the expected levels of 
accuracy is not solely due to their inability to properly represent sediment transport 
processes, but is also a result of the setting of targets and benchmarks that were 
overly ambitious and unattainable. It is argued here that expectations concerning 
attainable levels of accuracy have been too optimistic in a number of ways, 
including: in comparison to the accuracy required for many applications of 
sediment transport formulae; in consideration of the practical constraints on many 
applications of sediment transport formulae; and in comparison to the accuracy of 
the field measurements of sediment transport used to validate formulae.  
The root cause of the setting of unrealistic targets for accuracy may be 
traced back to the context within which the majority of early sediment transport 
studies were performed. For instance, because Yang (1972) was able to achieve 
correlation coefficients of 0.99 when predicting the sediment transport rates 
REVHUYHG ZLWKLQ *LOEHUW¶V (1914) flume studies, it seems reasonable that his 
equation should also be capable of predicting transport rates to comparable levels 
of accuracy in rivers. An engineering-based culture within sediment transport 
research is considered to have contributed to this reasoning and it is largely 
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because river engineers have been unable to consistently replicate the high levels 
of accuracy achieved in the laboratory when working in natural systems that they 
have become so frustrated ZLWK WKH µIDLOXUH¶RI their efforts. This is reflected by 
Gomez (1991: 90), who identified that it is the ³UHOXFWDQFH WRDFNQRZOHGJH WKDW
bedload transport is inherently unstable, rather than a lack of fundamental 
NQRZOHGJHSHUVH«´, that has limited progress.  
The level of accuracy actually required by a sediment transport formulae 
might, as an alternative, be judged against the needs of its application rather than 
the precision that can be achieved in a controlled laboratory environment. 
Experience shows that, in many project-related applications, predictions of 
absolute, instantaneous rates need to be little more than indicative. Typical 
applications of sediment transport formulae include: the design of river restoration 
channels to balance transport capacity with supply of sediment from upstream 
reaches (Soar and Thorne, 2001; Shields et al., 2003); estimation of sediment flux 
within reduced complexity models of fluvial systems (Coulthard, 2001; Nicholas, 
2005) and the design of channel maintenance flows downstream of reservoirs 
(Schmidt and Potyondy, 2004). These types of application generally involve the 
integration of predicted transport rates over time and space, negating the need for 
accurate estimates of sediment mass transported at a specific point in time and 
space. Indeed, some applications requiring sediment transport estimates are not 
explicitly dependent on absolute estimates but instead, simply require relative 
values in comparison with upstream supply reaches (Soar and Thorne, 2001). In 
particular, reach-based sediment balance models are not concerned with accurate 
predictions of the absolute rate of erosion or deposition in a reach, but instead 
require relative predictions of sediment transport rates in adjacent reaches in order 
to compute an annual sediment balance. 
The applicability and utility of sediment transport formulae are also 
frequently limited by practical issues. As described earlier, in order to attempt to 
predict sediment transport rates it is necessary to account for a large number of 
influencing variables. Difficulty arises when applying highly parameterised 
formulae because of the expense involved in quantifying all of the necessary 
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variables. It is impractical to expect practitioners interested in predicting transport 
rates at multiple locations across whole catchments to use sediment transport 
equations that require complete particle size distributions, or values describing in 
detail the type and density of in-channel vegetation. In fact, in some situations, it is 
impractical to expect that data defining channel flow properties such as depth and 
velocity are available because of difficulties in measuring and properly 
representing channel roughness (Ferguson, 2005). 
It therefore seems appropriate to take a new initiative aimed at developing 
a general, coarse sediment transport relationship suitable for use in applications 
that do not require particularly high levels of accuracy. The remainder of this 
chapter looks to derive, describe and evaluate such a relationship, as well as 
consider how it can be calculated throughout British river catchments. 
 
6.3 Data and methods 
6.3.1 Bed-load transport database 
Hydraulic, sedimentological and sediment transport measurements were 
obtained for all known and available bed-load transport studies. These included 
data from 133 different river and flume datasets described in a selection of agency 
reports, academic journal papers, theses, and files provided by researchers through 
personal communication (Yang, 1979; Gomez and Church, 1988; Bravo-Espinosa, 
1999; Wilcock et al., 2001; King et al., 2004; Ryan et al., 2005). The sources are 
summarised in Table 6.1 and the collated dataset is included in Appendix A. The 
resultant dataset is designed to be as extensive and inclusive as possible, spanning 
a wide range of flow dimensions, experimental designs, channel gradients and bed 
material sizes. The integrity of the data was accepted as being as described in the 
source publication unless obvious errors were discovered, in which case the data 
were rejected. 
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Table 6.1 Summary of all bed-load transport datasets used within analysis (*Values unavailable) 
Data 
Source 
Data 
Type Dataset N 
Surface 
material D50 
(m) 
Width 
 
(m) 
Depth 
 
(m) 
Average 
Velocity 
(m1s-1) 
Slope 
 
(m / m) 
Transport rate 
per unit width 
(kg1m-1s-1) 
          
Bravo-
Espinosa, 
1999 
Field 
Clearwater River at Spalding, Idaho 78 0.0740 125 - 137.9 3.29 - 4.58 0.69 - 1.88 0.00009 - 0.00030 0.00008 - 0.03261 
Snake River near Anatone, Washington 63 0.0540 155 - 180.4 3.26 - 4.68 1.51 - 2.44 0.00056 - 0.00092 0.00006 - 0.08406 
East Fork River, Wyoming 118 0.0450 14.6 0.28 - 1.03 0.61 - 1.01 0.00070 0.00033 - 0.05374 
Oak Creek near Corvallis, Oregon 33 0.0540 3.7 0.20 - 0.31 0.75 - 1.25 0.00970 - 0.00994 0.00001 - 0.02343 
Chippewa River at Durand, Wisconsin 25 -* 153 - 209 0.61 - 1.49 0.50 - 0.79 0.00029 - 0.00032 0.00386 - 0.03804 
Chippewa River at Pepin, Wisconsin 18 -* 171 - 239.8 0.75 - 1.15 0.45 - 0.65 0.00017 - 0.00034 0.00684 - 0.02763 
Horse Creek near Westcreek, Colorado 21 -* 6.9 - 7.7 0.29 - 0.41 0.54 - 0.95 0.00390 0.00106 - 0.10371 
La Garita Creek, Colorado 25 -* 4.6 - 5.3 0.19 - 0.31 0.34 - 0.64 0.01349 0.00010 - 0.00188 
N Fork South Platte River at Buffalo, Col. 20 -* 13 - 14.1 0.59 - 0.68 0.71 - 1.05 0.01070 0.00092 - 0.03774 
N Fork Toutle River at Kid Valley, Wash. 10 -* 18 - 38.6 0.39 - 0.72 1.20 - 1.96 0.00320 - 0.00420 0.04778 - 1.92686 
Toutle River at Tower Road, Wash. 31 -* 17.5 - 53.2 0.37 - 0.95 0.79 - 1.81 0.00107 - 0.00240 0.03371 - 1.02706 
 Williams Fork near Leal, Colorado 16 -* 17 - 17.8 0.26 - 0.46 0.90 - 1.25 0.00580 0.00076 - 0.00484 
 Wiscosin River at Muscoda, Wisc. 19 0.0006 219 - 294.7 0.71 - 1.41 0.47 - 0.68 0.00020 - 0.00031 0.00479 - 0.03393 
Yampa River at Deerlodge Park, Col. 29 -* 69 - 90.1 0.63 - 2.30 0.56 - 1.09 0.00047 - 0.00064 0.00812 - 0.13381 
          
Gomez 
and 
Church, 
1989 
 
Field 
Tanana River, Alaska 14 -* 107 - 333.4 1.81 - 2.38 1.30 - 1.66 0.00047 - 0.00052 0.03270 - 0.10660 
Elbow River, Alberta 19 0.0760 38.7 - 43.5 0.63 - 0.75 1.62 - 2.04 0.00745 0.03850 - 0.42159 
         
Flume 
Ikeda - Uni of Tsukuba 17 0.0065 4 0.08 - 0.19 0.99 - 1.28 0.00228 - 0.00494 0.00030 - 0.19860 
Johnson - IHR, Uni of Iowa: 1 44 0.0044 0.8 0.03 - 0.07 0.57 - 0.71 0.00175 - 0.00544 0.00005 - 0.00457 
Johnson - IHR, Uni of Iowa: 2 60 0.0034 0.8 0.02 - 0.07 0.49 - 0.62 0.00125 - 0.00459 0.00004 - 0.00481 
Johnson - IHR, Uni of Iowa: 3 55 0.0023 0.8 0.02 - 0.06 0.43 - 0.55 0.00155 - 0.00423 0.00004 - 0.00600 
Johnson - IHR, Uni of Iowa: 4 47 0.0014 0.8 0.01 - 0.04 0.29 - 0.46 0.00135 - 0.00424 0.00005 - 0.00656 
Johnson - IHR, Uni of Iowa: 5 41 0.0036 0.8 0.03 - 0.06 0.53 - 0.64 0.00180 - 0.00577 0.00005 - 0.00358 
Johnson - IHR, Uni of Iowa: 6 46 0.0018 0.8 0.01 - 0.05 0.36 - 0.47 0.00165 - 0.00446 0.00004 - 0.00553 
Meyer-Peter & Muller ± 1 34 0.0287 2 0.34 - 0.68 1.80 - 2.27 0.00317 - 0.00790 0.01300 - 1.30444 
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Data 
Source 
Data 
Type Dataset N 
Surface 
material D50 
(m) 
Width 
 
(m) 
Depth 
 
(m) 
Average 
Velocity 
(m1s-1) 
Slope 
 
(m / m) 
Transport rate 
per unit width 
(kg1m-1s-1) 
Meyer-Peter & Muller ± 2 17 0.0015 2 0.06 - 0.15 0.63 - 0.74 0.00225 - 0.00250 0.00450 - 0.06935 
Meyer-Peter & Muller ± 3 7 0.0037 2 0.07 - 0.09 0.74 - 0.96 0.00801 - 0.00813 0.05900 - 0.24057 
Paintal - Uni of Minnesota: 1 13 0.0222 0.9 0.10 - 0.15 0.81 - 1.12 0.00846 - 0.00893 0.00000 - 0.00008 
Paintal - Uni of Minnesota: 2 9 0.0221 0.9 0.14 - 0.17 0.98 - 1.14 0.00860 - 0.00919 0.00013 - 0.00120 
Paintal - Uni of Minnesota: 3 9 0.0240 0.9 0.14 - 0.18 0.85 - 1.05 0.00790 - 0.00879 0.00022 - 0.00229 
Paintal - Uni of Minnesota: 4 34 0.0080 0.9 0.03 - 0.08 0.39 - 0.70 0.00207 - 0.00550 0.00000 - 0.00153 
Paintal - Uni of Minnesota: 5 30 0.0025 0.9 0.04 - 0.10 0.39 - 0.56 0.00117 - 0.00171 0.00000 - 0.00567 
Wilcock - MIT, Cambridge: 1 (MUNI) 6 0.0019 0.6 0.11 - 0.12 0.45 - 0.59 0.00096 - 0.00185 0.00000 - 0.01364 
Wilcock - MIT, Cambridge: 2 (CUNI) 4 0.0053 0.6 0.11 0.59 - 0.70 0.00255 - 0.00360 0.00000 - 0.00039 
Wilcock - MIT, Cambridge: 3 (0.5phi) 7 0.0018 0.6 0.11 - 0.11 0.44 - 0.58 0.00100 - 0.00220 0.00001 - 0.02052 
Wilcock - MIT, Cambridge: 4 (1.0phi) 6 0.0018 0.6 0.11 0.43 - 0.56 0.00104 - 0.00204 0.00002 - 0.01708 
Williams - USGS, Washington DC 29 0.0014 0.6 - 0.7 0.03 - 0.14 0.37 - 0.67 0.00060 - 0.00414 0.00140 - 0.07753 
          
King et 
al., 2004 Field 
Big Wood River near Ketchum, Idaho 100 0.1190 12.8 0.41 - 0.73 1.15 - 1.68 0.00910 0.00004 - 0.02148 
Blackmare Creek, Idaho 88 0.1030 4.9 - 7.8 0.12 - 0.29 0.44 - 0.85 0.02990 0.00001 - 0.00104 
Boise River, Idaho 82 0.0760 52.4 - 55 0.57 - 1.04 1.11 - 1.71 0.00380 0.00033 - 0.03600 
Cat Spur Creek, Idaho 34 0.0270 3.8 - 5 0.19 - 0.30 0.23 - 0.51 0.01110 0.00000 - 0.00083 
Dollar Creek, Idaho 85 0.0870 7 - 9.7 0.16 - 0.25 0.33 - 0.80 0.01460 0.00000 - 0.00102 
Eggers Creek, Idaho 137 0.0228 0.7 0.08 - 0.21 0.21 - 0.47 0.07180 0.00006 - 0.00361 
Fourth of July Creek, Idaho 79 0.0510 6 - 6.8 0.12 - 0.28 0.21 - 0.64 0.02020 0.00000 - 0.00153 
Hawley Creek, Idaho 85 0.0400 4.2 - 5.6 0.13 - 0.18 0.46 - 0.71 0.02330 0.00002 - 0.00098 
Herd Creek, Idaho 70 0.0670 7.6 - 8.2 0.1 - 0.27 0.37 - 0.89 0.00770 0.00000 - 0.00923 
Johns Creek, Idaho 9 0.2070 10.6 - 14.1 0.38 - 0.68 0.48 - 1.17 0.02070 0.00000 - 0.00100 
Johnson Creek, Idaho 72 0.1900 18.3 - 22.1 0.48 - 0.93 0.71 - 1.44 0.00400 0.00001 - 0.00144 
Little Buckhorn Creek, Idaho 78 0.0810 1.4 - 2.9 0.12 - 0.25 0.21 - 0.41 0.05090 0.00000 - 0.00127 
Little Slate Creek, Idaho 157 0.1020 6.7 - 11.4 0.24 - 0.49 0.24 - 0.87 0.02680 0.00000 - 0.00069 
Lochsa River, Idaho 72 0.1260 67.1 - 73.1 0.85 - 1.27 1.92 - 2.40 0.00230 0.00001 - 0.00226 
Lolo Creek, Idaho 112 0.0680 8.5 - 11.4 0.21 - 0.63 0.43 - 0.74 0.00970 0.00001 - 0.00126 
Main Fork Red River, Idaho 200 0.0500 6.7 - 9.6 0.18 - 0.47 0.20 - 0.79 0.00590 0.00000 - 0.00299 
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Data 
Source 
Data 
Type Dataset N 
Surface 
material D50 
(m) 
Width 
 
(m) 
Depth 
 
(m) 
Average 
Velocity 
(m1s-1) 
Slope 
 
(m / m) 
Transport rate 
per unit width 
(kg1m-1s-1) 
Marsh Creek, Idaho 98 0.0560 8.8 - 16.5 0.27 - 0.50 0.38 - 1.04 0.00600 0.00000 - 0.00416 
Middle Fork Salmon River, Idaho 64 0.1460 42.7 - 62.4 1.17 - 1.61 1.67 - 2.72 0.00410 0.00007 - 0.10736 
North Fork Clearwater River, Idaho 70 0.0950 70.1 - 75.6 1.73 - 2.18 0.83 - 1.29 0.00050 0.00002 - 0.01478 
Rapid River, Idaho 190 0.0630 11.4 - 14.8 0.23 - 0.52 0.33 - 0.97 0.01080 0.00000 - 0.00561 
Salmon River below Yankee Fork, Idaho 60 0.1040 30.5 - 33.8 1.20 - 1.54 1.04 - 1.44 0.00340 0.00004 - 0.00788 
Salmon River nr Obsidian, Idaho 50 0.0610 12 - 13.3 0.66 - 0.83 0.91 - 1.30 0.00660 0.00065 - 0.02079 
Salmon River nr Shoup, Idaho 61 0.0960 46.5 - 84.5 1.08 - 2.11 1.91 - 2.39 0.00190 0.00094 - 0.10012 
Selway River, Idaho 72 0.1730 82.3 - 88 1.36 - 1.88 1.16 - 1.92 0.00210 0.00001 - 0.00336 
South Fork Payette River, Idaho 72 0.1100 43.6 - 48.3 0.44 - 0.85 0.91 - 1.48 0.00400 0.00097 - 0.03017 
South Fork Red River, Idaho 202 0.1060 5.8 - 8 0.13 - 0.40 0.19 - 0.73 0.01460 0.00000 - 0.00170 
South Fork Salmon River, Idaho 130 0.0380 29.6 - 32.4 0.54 - 1.40 0.24 - 0.90 0.00250 0.00001 - 0.02960 
Squaw Creek nr Clayton, Idaho 92 0.0460 3.3 - 9 0.24 - 0.37 0.14 - 0.71 0.01000 0.00000 - 0.00351 
Squaw Creek nr Papoose Creek, Idaho 42 0.0270 2.1 - 2.5 0.19 - 0.22 0.45 - 0.78 0.02400 0.00004 - 0.00233 
Thompson Creek, Idaho 84 0.0625 4.2 - 5.6 0.16 - 0.27 0.34 - 0.84 0.01530 0.00000 - 0.00399 
Trapper Creek, Idaho 166 0.0850 3.4 - 5 0.09 - 0.24 0.13 - 0.52 0.04140 0.00000 - 0.00177 
Valley Creek, Idaho 180 0.0400 18.4 - 27.6 0.38 - 0.51 0.49 - 0.85 0.00400 0.00000 - 0.00507 
West Fork Buckhorn Creek, Idaho 85 0.1800 5.9 - 8.8 0.17 - 0.30 0.24 - 0.70 0.03200 0.00001 - 0.00126 
          
Ryan et 
al., 2005 Field 
Cache Creek nr Jackson, Wyoming 60 0.0460 5.1 - 5.2 0.29 - 0.38 0.50 - 0.75 0.02033 - 0.02094 0.00003 - 0.00068 
Coon Creek 88 0.0820 4.5 - 5.6 0.15 - 0.29 0.48 - 1.13 0.03100 0.00000 - 0.00452 
East Fork Encampment River 84 0.0480 3.9 - 5.5 0.10 - 0.23 0.29 - 0.79 0.03800 0.00000 - 0.00127 
East Fork San Juan 40 0.0500 15 - 16.4 0.27 - 0.43 0.71 - 1.32 0.00440 - 0.00755 0.00005 - 0.06274 
East St. Louis Creek 108 0.0510 2.8 - 2.9 0.17 - 0.28 0.35 - 0.83 0.05170 - 0.05680 0.00000 - 0.00348 
Fool Creek 95 0.0380 1.7 - 1.9 0.07 - 0.14 0.15 - 0.81 0.05200 - 0.05346 0.00000 - 0.00336 
Halfmoon Creek 155 0.0610 8.3 - 8.5 0.16 - 0.39 0.35 - 1.04 0.00917 - 0.01334 0.00001 - 0.01201 
Hayden Creek 78 0.0680 5.2 - 5.4 0.10 - 0.23 0.31 - 0.87 0.01518 - 0.02565 0.00001 - 0.00199 
Little Granite Creek 123 0.0890 9.6 -* -* 0.02000 0.00000 - 0.01306 
Middle Fork Piedra River 85 0.0780 11.4 - 13.1 0.19 - 0.42 0.44 - 1.17 0.00900 - 0.01589 0.00000 - 0.01053 
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Data 
Source 
Data 
Type Dataset N 
Surface 
material D50 
(m) 
Width 
 
(m) 
Depth 
 
(m) 
Average 
Velocity 
(m1s-1) 
Slope 
 
(m / m) 
Transport rate 
per unit width 
(kg1m-1s-1) 
Silver Creek 57 0.0280 3.8 - 4.1 0.11 - 0.28 0.46 - 0.82 0.03800 - 0.04475 0.00002 - 0.02161 
South Fork Cache Le Poudre 89 0.0680 7.3 - 12.6 0.16 - 0.41 0.34 - 1.09 0.00700 0.00000 - 0.00960 
St. Louis Creek 1 92 0.1280 6.4 - 6.7 0.16 - 0.36 0.38 - 1.05 0.01300 - 0.02066 0.00003 - 0.00937 
St. Louis Creek 2 104 0.0760 6.5 - 7.2 0.14 - 0.33 0.55 - 1.14 0.01100 0.00000 - 0.00791 
St. Louis Creek 3 98 0.0820 6.1 - 8.3 0.13 - 0.29 0.5 - 1.08 0.01100 - 0.01721 0.00001 - 0.00688 
St. Louis Creek 4 196 0.0910 6.2 - 6.9 0.19 - 0.35 0.62 - 1.25 0.01900 0.00000 - 0.00551 
St. Louis Creek 4a 173 0.0790 6.2 - 8.1 0.20 - 0.33 0.65 - 1.19 0.01900 0.00003 - 0.00693 
St. Louis Creek 5 84 0.1460 5.2 - 5.3 0.18 - 0.31 0.59 - 1.10 0.03500 - 0.05025 0.00003 - 0.00252 
Upper Florida River nr Lemon Reservoir 25 0.1810 11.3 - 14.5 0.41 - 0.64 0.27 - 0.95 0.00120 - 0.00814 0.00000 - 0.00058 
          
Wilcock 
et al., 
2001 
Flume 
Wilcock ± BOMC 10 0.0053 0.6 0.09 - 0.11 0.26 - 0.56 0.00060 - 0.00410 0.00000 - 0.08675 
Wilcock - J06 10 0.0122 0.6 0.10 - 0.11 0.74 - 0.97 0.00440 - 0.01073 0.00000 - 0.02501 
Wilcock - J14 9 0.0098 0.6 0.10 - 0.11 0.77 - 0.96 0.00440 - 0.01121 0.00002 - 0.02859 
Wilcock - J21 8 0.0084 0.6 0.10 - 0.11 0.66 - 0.86 0.00320 - 0.00873 0.00002 - 0.03981 
Wilcock - J27 10 0.0067 0.6 0.09 - 0.10 0.45 - 0.86 0.00100 - 0.00743 0.00000 - 0.13602 
          
Yang, 
1979 
Field 
Colby - Niobara River data 25 0.0003 21 - 21.4 0.41 - 0.47 0.62 - 0.88 0.00114 - 0.00141 0.11006 - 0.58744 
Einstein - Mountain Creek 61 0.0010 3.4 - 4.4 0.06 - 0.14 0.37 - 0.52 0.00136 - 0.00155 0.00121 - 0.01797 
Hubbell - Middle Loup River, Nebraska 15 0.0003 37.5 - 43.9 0.25 - 0.32 0.59 - 0.81 0.00093 - 0.00127 0.12671 - 0.35318 
Jordan - Mississippi River, near St. Louis 25 0.0002 - 0.0004 459.6 - 490.1 4.82 - 8.44 0.62 - 1.11 0.00004 - 0.00007 0.01247 - 0.73103 
Nordin - Rio Grande, near Bernalillo A2 21 0.0002 - 0.0003 40.5 - 80.2 0.71 - 1.01 0.83 - 1.56 0.00074 - 0.00081 0.22121 - 2.41933 
Nordin - Rio Grande, near Bernalillo F 21 0.0002 - 0.0003 102.1 - 158.6 0.33 - 0.60 0.62 - 1.33 0.00074 - 0.00081 0.05832 - 0.86697 
         
Flume 
Gilbert - 0.305mm sand in 1.32ft flume 21 0.0003 0.4 0.02 - 0.03 0.44 - 0.68 0.00270 - 0.00884 0.02213 - 0.18190 
Gilbert - 0.305mm sand in 1.96ft flume 33 0.0003 0.6 0.02 - 0.04 0.31 - 0.77 0.00180 - 0.00831 0.01388 - 0.25137 
Gilbert - 0.375mm sand in 0.66ft flume 50 0.0004 0.2 0.01 - 0.05 0.48 - 0.84 0.00210 - 0.01209 0.02094 - 0.32985 
Gilbert - 0.375mm sand in 1.00ft flume 42 0.0004 0.3 0.02 - 0.06 0.32 - 0.75 0.00150 - 0.00847 0.00414 - 0.24944 
Gilbert - 0.375mm sand in 1.32ft flume 51 0.0004 0.4 0.01 - 0.04 0.33 - 0.82 0.00250 - 0.00985 0.01291 - 0.20990 
Gilbert - 0.375mm sand in 1.96ft flume 44 0.0004 0.6 0.01 - 0.05 0.35 - 0.77 0.00180 - 0.00834 0.01072 - 0.20220 
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Data 
Source 
Data 
Type Dataset N 
Surface 
material D50 
(m) 
Width 
 
(m) 
Depth 
 
(m) 
Average 
Velocity 
(m1s-1) 
Slope 
 
(m / m) 
Transport rate 
per unit width 
(kg1m-1s-1) 
Gilbert - 0.506mm sand in 0.44ft flume 15 0.0005 0.1 0.03 - 0.05 0.40 - 0.62 0.00610 - 0.01231 0.02383 - 0.22057 
Gilbert - 0.506mm sand in 0.66ft flume 63 0.0005 0.2 0.02 - 0.06 0.35 - 0.86 0.00200 - 0.00980 0.01146 - 0.33644 
Gilbert - 0.506mm sand in 1.00ft flume 61 0.0005 0.3 0.02 - 0.06 0.34 - 0.86 0.00130 - 0.00869 0.00524 - 0.33701 
Gilbert - 0.506mm sand in 1.32ft flume 46 0.0005 0.4 0.01 - 0.04 0.41 - 0.79 0.00160 - 0.01009 0.00337 - 0.23335 
Gilbert - 0.506mm sand in 1.96ft flume 49 0.0005 0.6 0.02 - 0.04 0.44 - 0.83 0.00350 - 0.00966 0.01595 - 0.24246 
Gilbert - 0.786mm sand in 0.66ft flume 36 0.0008 0.2 0.02 - 0.05 0.51 - 0.84 0.00190 - 0.01360 0.02637 - 0.38838 
Gilbert - 0.786mm sand in 1.00ft flume 53 0.0008 0.3 0.02 - 0.05 0.38 - 0.85 0.00180 - 0.01187 0.00656 - 0.38971 
Gilbert - 0.786mm sand in 1.32ft flume 26 0.0008 0.4 0.03 - 0.05 0.47 - 0.81 0.00300 - 0.00942 0.02739 - 0.24225 
Gilbert - 1.71mm sand in 0.66ft flume 12 0.0017 0.2 0.03 - 0.07 0.67 - 0.81 0.00560 - 0.01207 0.10456 - 0.18153 
Gilbert - 1.71mm sand in 1.00ft flume 28 0.0017 0.3 0.02 - 0.08 0.46 - 0.73 0.00180 - 0.00901 0.00558 - 0.15051 
Guy - CSU, 2ft wide flume, 0.32mm D50 31 0.0003 0.6 0.16 - 0.19 0.26 - 0.95 0.00014 - 0.00387 0.00000 - 1.97441 
Guy - CSU, 2ft wide flume, 0.33mm - G 17 0.0003 0.6 0.15 - 0.15 0.32 - 0.88 0.00022 - 0.00296 0.00000 - 1.12677 
Guy - CSU, 2ft wide flume, 0.33mm - U 14 0.0003 0.6 0.15 - 0.15 0.31 - 0.94 0.00025 - 0.00390 0.00000 - 1.03965 
Guy - CSU, 2ft wide flume, 0.54mm D50 38 0.0005 0.6 0.18 - 0.22 0.27 - 1.15 0.00016 - 0.00558 0.00000 - 2.11018 
Guy - CSU, 8ft wide flume, 0.19mm D50 40 0.0002 2.4 0.09 - 0.21 0.23 - 0.69 0.00006 - 0.00177 0.00000 - 1.27113 
Guy - CSU, 8ft wide flume, 0.27mm D50 20 0.0003 2.4 0.14 - 0.24 0.24 - 0.79 0.00007 - 0.00262 0.00000 - 1.38211 
Guy - CSU, 8ft wide flume, 0.28mm D50 37 0.0003 2.4 0.09 - 0.22 0.25 - 0.79 0.00007 - 0.00241 0.00000 - 1.05217 
Guy - CSU, 8ft wide flume, 0.45mm D50 45 0.0005 2.4 0.06 - 0.16 0.20 - 0.75 0.00015 - 0.00299 0.00000 - 0.41452 
Guy - CSU, 8ft wide flume, 0.47mm D50 54 0.0005 2.4 0.09 - 0.20 0.34 - 0.86 0.00042 - 0.00354 0.00013 - 0.57182 
Guy - CSU, 8ft wide flume, 0.93mm D50 43 0.0009 2.4 0.12 - 0.22 0.30 - 0.77 0.00013 - 0.00349 0.00000 - 0.36798 
Kennedy - 0.233mm sand in 0.875ft flume 14 0.0002 0.3 0.04 - 0.06 0.48 - 0.78 0.00260 - 0.00597 0.01672 - 0.40029 
Kennedy - 0.233mm sand in 2.79ft flume 13 0.0002 0.9 0.04 - 0.07 0.41 - 0.79 0.00170 - 0.00592 0.01116 - 0.61354 
Kennedy - 0.549mm sand in 0.875ft flume 14 0.0005 0.3 0.02 - 0.05 0.50 - 0.94 0.00550 - 0.01366 0.03811 - 0.49206 
Nomicos - 0.241 ft deep, 0.152mm 12 0.0002 0.3 0.07 0.24 - 0.43 0.00200 - 0.00242 0.00537 - 0.09330 
Nordin - 1976 Bernado sand 31 0.0001 - 0.0002 2.4 0.31 - 0.55 0.51 - 1.02 0.00014 - 0.00103 0.00748 - 0.98387 
Stein - 0.4mm sand in 4 ft flume 42 0.0004 1.2 0.18 - 0.25 0.42 ± 10.00 0.00061 - 0.00349 0.01191 - 1.15176 
Vanoni - 0.137mm sand in 2.79ft flume 14 0.0001 0.9 0.06 - 0.11 0.23 - 0.45 0.00070 - 0.00187 0.00063 - 0.06152 
Williams - 1.35mm sand in 1ft flume 37 0.0014 0.3 0.03 - 0.09 0.39 - 0.60 0.00110 - 0.00531 0.00060 - 0.06689 
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6.3.2 Flow parameters associated with bed-load transport rate 
Du Boys (1879) initially had the idea of using the tractive force of flowing 
water in the analysis of coarse material transport. Since his early study, numerous 
equations relating coarse material load to flow conditions and bed material 
composition have been proposed. Many of these equations are very similar and are 
commonly based around one of a few parameters that describe the flow 
responsible for transport. Some of these commonly applied flow parameters are 
described within this section (tractive force, mean velocity, specific (unit width) 
stream power and unit (unit weight) stream power), along with an explanation of 
how they have been related to bed-load transport. In addition, the derivation of a 
new parameter (unit width kinetic power) is described. 
As mentioned above, much of the early development in the analysis of bed-
load transport was influenced by the work of du Boys (1879). He based his 
predictions of bed-load transport rate on an approximation of the shear stress 
exerted by the velocity of the flow at the bed of a channel (ୠ) using tractive force 
(ɒ) in kg1m-1s-2 
 ߬ ൌ ߩ௪ ȉ ݃ ȉ ܴ ȉ ܵ௘ 
Equation 6.1 
 
ZKHUHµߩ௪¶LVWKHGHQVLW\RIZDWHUNJ1m-3µ݃¶LVWKHDFFHOHUDWLRQGXHWRJUDYLW\
(m1s-2µܴ¶LVWKHK\GUDXOLFUDGLXVRIWKHIORZPDQGµܵ௘¶LVWKHHQHUJ\JUDGLHQW
of the flow (m1m-1). du Boys (1879) related tractive force to bed-load transport 
rate using 
 ݍ௦ ൌ ܭ ȉ ߬ ȉ ሺ߬ െ ߬௖ሻ 
Equation 6.2 
 
where ݍ௦ is the unit width bed-load transport rate (kg1m-1s-1), ܭ is related to 
sediment type, and ߬௖ is the critical tractive force necessary to entrain sediment 
particles (kg1m-1s-2). 
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Numerous subsequent formulae designed to predict bed-load transport rate 
have been developed using the tractive force to approximate the hydrodynamic 
forces of drag and lift actually acting on grains at the bed. The most notable efforts 
include those by Shields (1936), Kalinske (1947), and more recently, by Wilcock 
and Crowe (2003). 
Whilst tractive force is commonly used to approximate the forces exerted 
by flow on bed grains, the fundamental flaw within this approximation is not 
commonly understood. Little (1940) demonstrated that the assumption that the 
shear stress actually acting on the bed is directly proportional to the hydrostatic 
pressure of the flow is flawed because head loss and internal friction related to 
turbulence are independent of pressure. Hence, increasing depth at constant 
velocity does not change the kinetic energy of the flow per unit volume, but by 
increasing the distance between free surface and the bed, actually reduces 
turbulent intensity. 
 Like his peers who applied tractive force as an approximation of the near-
bed flow velocities, Hjulström (1935) had identified that the velocity near the bed 
had the strongest influence on coarse material transport. However, rather than 
tractive force, Hjulström (1935) used mean velocity (ത) as a more practical 
alternative to near-bed velocity in the prediction of bed-load entrainment and 
WUDQVSRUW +MXOVWU|P¶V SDSHU LV ZLGHO\ UHIHUHQFHG LQ UHODWLRQ WR WKH SUHGLFWLRQ RI
the critical velocity for entrainment of sediment particles. However, despite this, 
relatively little known research has focused on the development of relationships 
between mean flow velocity and bed-load transport rate. The main reason for this 
is considered to be the difficulty in relating bottom velocity (ୠሻ to mean velocity. 
As was briefly introduced in Section 2.5.3, the earliest known 
formalisation of a relation between the rate of energy expenditure, the debris-
carrying capacity of the stream and the channel morphology, is credited by 
Clifford (2008) to the work of the American engineer, Seddon (1896). In the first 
of two investigations of river hydraulics, Seddon argued that energy expenditure 
depended RQ WKH µVL]H¶ RI WKH ULYHU PHDVXUHG E\ GLVFKDUJH ܳ, and the fall in 
elevation, ݄. Later work by Gilbert (1914) was concerned with calculating whether 
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bed-load added to (by increased mass) or subtracted from (by increasing viscosity 
and by transport) the total stream energy of channel flow, and with how total 
capacity could be limited by the transport of various size fractions. However, his 
attempts to quantify energy extraction by comparing the velocities of loaded and 
unloaded streams were inconclusive, partly because only bed texture and traction 
were considered as elements of flow resistance (Clifford, 2008).  
In related work, Cook (1935) hypothesised that the total energy 
expenditure by flow in natural channels could be broken-down into multiple 
components, each of which was associated with hydraulic, fluid dynamic or 
transport phenomena such as viscous shear, turbulence, suspended sediment 
transport, bed-load transport, work on the channel boundaries, surface waves, and 
EHGULSSOHV&RRN¶V(1935) work laid the foundations for the rational approach to 
sediment transport that was substantially advanced by Bagnold (1966; 1973; 1977; 
1979; 1980; 1983; 1986). 
Bagnold (1966) is commonly credited with originating the concept of 
streams being sediment transport machines which can be analysed in terms of the 
availability of stream power to do work. Prior to %DJQROG¶V ZRUN K\GUDXOLF
engineers had developed many different empirical formulae for sediment transport, 
each an approximation over a different limited range of conditions. Attempts to 
merge these formulae into a general empirical relationship, applicable under all 
conditions, had failed. Bagnold (1966) attempted to approach the sediment 
transport problem from the opposite direction using the principles of physics. He 
defined the total power available to a unit length of stream as ³WKH WLPH UDWH RI
OLEHUDWLRQLQNLQHWLFIRUPRIWKHOLTXLG¶VSRWHQWLDOHQHUJ\DVLWGHVFHQGVWKHJUDYLW\
VORSH´ (1966: 238). Rhoads (1987b) describes in detail the physical basis for 
%DJQROG¶VVWUHDPSRZHUHTXDWLRQEXt in short, as a body of water moves through a 
given distance along an inclined channel, work is performed as the gravitational 
potential energy of the flowing water is converted to kinetic energy: 
 ܹ ൌ ܨ ȉ ȟݔ ൌ ߩ௪ ȉ ݃ ȉ ܣ ȉ ܺ ȉ ܵ௘ ȉ ߂ݔ 
Equation 6.3 
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ZKHUHµܹ¶ LVZRUNGRQHNJ1m2s-2µܨ¶ LV WKHVKHDUIRUFHDSSOLHGWR WKHFKDQQHO
bed (kg1m1s-2µȟݔ¶LVWKHGLVWDQFHPRYHGE\WKHIORZGRZQVWUHDPPµܣ¶LVWKH
cross-sectional area of flow (m2 DQG µܺ¶ LV WKH OHQJWK RI WKH UHDFK P 7KH
stream power of the water flowing through the reach is the time rate of energy 
loss, which is therefore: 
 ܲ ൌ ߩ௪ ȉ ݃ ȉ ܣ ȉ ܺ ȉ ܵ௘ ȉ ݑത ȉ ߂ݔ ൌ ߩ௪ ȉ ݃ ȉ ܳ ȉ ܵ௘ ȉ ߂ݔ 
Equation 6.4 
 
ZKHUH µܲ¶ LV WKH WRWDO VWUHDP SRZHU RYHU WKH UHDFK NJ1m2s-3 µݑത¶ LV WKH PHDQ
velocity (m1s-1 DQG µܳ¶ LV GLVFKDUJH P3s-1). Stream power is now more 
commonly expressed in relation to unit length of stream: 
  ? ൌ ߩ௪ ȉ ݃ ȉ ܳ ȉ ܵ௘ ȉ ߂ݔȀܺ ൌ ߩ௪ ȉ ݃ ȉ ܳ ȉ ܵ௘ 
Equation 6.5 
 
ZKHUHµ ?¶LVWKHSRZHUSHUXQLWOHQJWKRIVWUHDPNJ1m1s-3), or, as in the case of the 
PDMRULW\RI%DJQROG¶VZRUNVWUHDPSRZHULVH[SUHVVHGLQUHODWLRQWRXQLWFKannel 
width: 
 ɘ ൌ ߗݓ ൌ ߩ௪ ȉ ݃ ȉ ܳ ȉ ܵ௘ݓ ൌ ߬ ȉ ݑത 
Equation 6.6 
 
ZKHUH µɘ¶ LVstream power per unit bed area, or stream power per unit bed area 
(kg1s-3DQGµݓ¶LVFKDQQHOEHGZLGWKP 
 In his published papers, Bagnold put forward several functions for coarse 
material transport based on stream power per unit bed area, including: 
 
  
222 
ݍ௦ ൌ ݁ ȉ ߱ߙ 
Equation 6.7 
 
where ݁ is a factor representing the efficiency with which the available power is 
utilised for sediment transport, and ߙ is the coefficient of dynamic solid friction. 
%DJQROG¶V DSSURDFK KDV EHHQ ZLGHO\ SUDLVHG IRU LWV FRQFHSWXDO
attractiveness insofar as it treats rivers as work-performing machines with explicit 
attention to their efficiency (Ferguson, 2005). The stream power approach is also 
pragmatically convenient for the purposes of this study in that it can be 
approximated from gross channel properties that are obtainable from datasets 
widely available for British rivers (discharge, channel width and channel slope). 
These reasons, along with its performance in comparative tests (Gomez and 
Church, 1989; Martin and Church, 2000) explain why the stream power approach 
is used widely in broad-scale studies of fluvial geomorphology (Graf, 1983; 
Lawler, 1992b; Magilligan, 1992; Knighton, 1999). 
Yang (1972) also attempted to relate the power of flowing water to 
sediment transport capacity. He stated that the only source of energy for a unit 
weight of water is its potential energy above a datum, and that the stream power of 
a unit weight of water is defined as the time rate of potential energy expenditure 
per unit weight of water. He derived his formula for unit weight stream power () 
based on the representation of the time rate of potential energy expenditure as: 
 ߂݄߂ݐ ൌ ߂ݔ߂ݐ ȉ ߂݄߂ݔ ൌ ܸܵ 
Equation 6.8 
 
ZKHUH µ݄¶ LV WKH HOHYDWLRQ DERYH D GDWXP P ZKLFK DOVR HTXDOV WKH SRtential 
HQHUJ\SHUXQLWZHLJKWRIZDWHUµݐ¶LVWLPHVDQGµݔ¶LVKRUL]RQWDOGLVWDQFHP
enabling stream power per unit weight of water to be represented as a product of 
velocity and slope (assuming slope angle to be small so that  ߠ ൎ  ߠ). 
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/LNH%DJQROG¶Vstream power per unit bed area<DQJ¶VXQLWZHLJKWVWUHDP
power approach to predicting sediment transport rate has been successfully applied 
empirically under a range of test conditions (Yang, 1996) <DQJ¶V (1972) 
formulation for the prediction of sediment transport is given by 
  ܥ௧ ൌ ܣ ൅ ܤ ȉ ሺܸܵ െ ܸܵ௖ሻ 
Equation 6.9 
 
where ܥ௧ is total sediment concentration, ܣ and ܤ are coefficients and ܸܵ௖ is the 
critical unit weight stream power required to initiate the motion of sediment 
particles. 
The similar theoretical justifications for <DQJ¶V DQG %DJQROG¶V VWUHDP
power approaches suggests that they should be similar in terms of their 
representation of the potential for flow to perform geomorphic work. However, 
there is an apparent incongruity between these two representations of the power 
available to a stream. This incongruity can be recognised on the basis that 
%DJQROG¶VDSSURDFKRIVWUHDPSRZHUSHUXQLWEHGDUHDLVLQGHSHQGHQWRIYDULDWLRQV
in flow depth and velociW\ ZKLOVW <DQJ¶V DSSURDFK RI VWUHDP SRZHU SHU XQLW
weight of water is not. This apparent lack of equivalence is explained by an 
LPSRUWDQW GLIIHUHQFH EHWZHHQ %DJQROG¶V VWUHDP SRZHU FRQFHSW DQG <DQJ¶V XQLW
VWUHDPSRZHULQWKDW%DJQROG¶VVWUHDPSRZHUJLYHVUDte of energy loss from water 
occurring over a unit bed area ZKLOVW<DQJ¶VSDUDPHWHUJLYHV WKH UDWHRIHQHUJ\
loss within a unit weight of water flowing over a bed. This point is clarified by the 
following example. 
Consider the two flow conditions in Figure 6.1 with identical discharge, 
width, and slope but with differing depth/velocity relationships due to different 
OHYHOV RI FKDQQHO URXJKQHVV 8QGHU FRQGLWLRQ $ 0DQQLQJ¶V n=0.1), where 
YHORFLW\LVWZLFHWKDWRI%0DQQLQJ¶Vn=0.04), the stream power per unit bed area 
as defined by Bagnold is identical to that under condition B. However, using 
<DQJ¶VGHILQLWLRQRIVWUHDPSRZHUSHUXQLWZHLJKWRIZDWHU WKHYDOXH LV WZLFHDV
high under condition A as it is under condition B. The difference occurs because, 
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under condition A, due to the velocity being twice as fast, the amount of bed over 
which each unit weight of water flows in a given time is twice that under condition 
B. This means that, whilst the energy loss per unit weight of water in 1 second 
may be twice as high under condition A, the energy loss from the unit weight of 
water under condition A is distributed over twice the downstream distance. This 
makes the stream power per unit weight of water delivered to a unit bed area equal 
under both flow conditions. This theoretical analysis demonstrates that whilst 
<DQJ¶V XQLW VWUHDP SRZHU DSSHDUV WR YDU\ ZLWK GHSWK LW GRHV QRW SUHGLFW DQ\
change in the power applied to the channel boundaries, which is what is important 
in understanding and predicting coarse sediment dynamics. 
 
 
Figure 6.1 5HSUHVHQWDWLRQ RI WKH GLIIHUHQFHV EHWZHHQ %DJQROG¶V stream power per unit 
bed area DQG <DQJ¶V XQLW ZHLJKW VWUHDP SRZHU IRU  FRQGLWLRQV RI VLPLODU VORSH Dnd 
discharge but different channel roughness. 
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An alternative approach to representing the potential for a stream to 
perform geomorphic work has been derived from physical considerations, but in 
order to give it justification it is first necessary to clarify the definition of 
%DJQROG¶V FRQFHSW RI VWUHDP SRZHU %DJQROG UHIHUUHG WR KLV VWUHDP SRZHU
parameter by various definitions across his papers: as the ³DYDLODEOHSRZHU supply, 
or time rate of energy´(1966: 238); as the ³WLPHrate of liberation in kinetic form 
RI WKH OLTXLG¶VSRWHQWLDOHQHUJ\DV LWGHVFHQGV WKHJUDYLW\ VORSH´ (1966: 238); as 
the ³UDWH RI NLQHWLF HQHUJ\ VXSSO\ DQG GLVVLSDWLRQ´ (1980: 324) DV WKH ³total 
dynamic power of a stream´ (1986: 346); as ³WKH WRWDO DFWLYDWLQJ IOXLG SRZHU
DYDLODEOH´ (1986: 349) and also as the ³ORVVRIJUDYLW\SRWHQWLDOHQHUJ\´ (1986: 
349). Others have since used different definitions ranging from ³WKH DPRXQW RI
ZRUNWKDWDULYHUPD\GR´(Petit et al., 2005: 93) to ³WKHWLPHUDWHRIFRQYHUVLRQRI
potential energy to kinetic energy that is dissipated in overcoming internal and 
boundary friction, iQWUDQVSRUWLQJVHGLPHQWDQGLQHURGLQJWKHFKDQQHOSHULPHWHU´ 
(Ferguson, 2005: 191). Despite the confusing range of language used in these 
definitions, it is apparent that an important distinction can be made between the 
potential and kinetic energy possessed by a given body of fluid flowing down a 
slope, and the energy losses through turbulence and friction (and therefore heat) 
from that fluid. Indeed, Bagnold (1966) identified that the energy dissipated as 
heat is as little related to the energy contained within the fluid as the inflow and 
outflow of water through a reservoir is related to the quantity of water stored 
within it. It is on the rate of energy loss to heat, rather than on the energy 
possessed by a mass of fluid that Bagnold and all subsequent stream power 
researchers have concentrated their efforts. Whilst a proportion of this energy loss 
is caused by the transport of sediment through a system, a significant quantity is 
also lost to boundary friction and internal shearing within the water column. The 
difficulty with identifying the proportion of energy lost specifically to the transport 
RI VHGLPHQW RQ ZKLFK %DJQROG¶V FRQFHSW RI HIILFLHQF\ ZDV EDVHG KDV OHG WR
consideration of an alternative framework for considering energy dynamics in 
rivers, based on quantifying the energy possessed by the fluid rather than 
attempting to separate the causes of energy losses. 
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:DWHUZLWKDPDVVµ݉¶ HQWHULQJDULYHUDWDKHLJKWµ݄¶DERYHDJLYHQGDWXP
has an amount of potential energy defined by: 
 ܧ௣ ൌ ݉ ȉ ݃ ȉ ݄ 
Equation 6.10 
 
ZKHUH µܧ௣¶ LV WKH SRWHQWLDO HQHUJ\ FRQWDLQHG ZLWKLQ WKH ZDWHU $V WKLV PDVV RI
water moves downslope, that potential energy is converted into kinetic energy: 
 ܧ௞ ൌ  ? ?ȉ ݉ ȉ ݑതଶ 
Equation 6.11 
 
ZKHUHµܧ௞¶LVWKHNLQHWLFHQHUJ\FRQWDLQHGZLWKLQWKHIORZLQJZDWHU 
In a conservative system, the law of energy conservation means that the 
sum of the kinetic and potential energy should remain constant and any loss in 
potential energy should be matched by an equivalent gain in kinetic energy. 
However, rivers are non-conservative systems and friction through boundary and 
internal shear cause a significant proportion of the available mechanical energy to 
be dissipated in the form of heat, which cannot perform mechanical work (Simons 
and Senturk, 1992). The rate of this total energy loss is what is represented by both 
%DJQROG¶V DQG <DQJ¶V FRQFHSWV RI VWUHDP SRZHU 7KH HQHrgy balances within 
flowing water can be demonstrated through examination of the Bernoulli energy 
equation, a widely accepted concept in elementary hydraulics, which considers the 
total energy per unit weight of water, or head (ܪ), in any channel section (Chow, 
1973). For channels of small slope this is equal to the sum of the elevation of the 
channel above a datum (ݖ), the pressure head or depth of flow (݀) and the velocity 
head of the flow in the stream line (௨ഥమଶȉ௚) (Figure 6.2). 
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Figure 6.2 Graphical representation of the energy equation for steady gradually varied 
flow. 
 ܪ ൌ ݖ ൅ ݀ ൅ ߙ ȉ ݑതଶ ? ȉ ݃ 
Equation 6.12 
 
ZKHUH µߙ¶ LV WKH HQHUJ\ FRHIIicient used to correct for the overall effect of non-
uniform velocity distributions (Chow, 1973). The line between two points 
representing the total head of flow at two sections is the energy grade line. As 
identified above, in conservative systems, there is no loss of energy ± any loss in 
channel elevation should be balanced by an increase in flow depth and/or velocity 
head. This would imply an energy line with a slope (energy gradient) of zero. 
However, in reality because of energy losses within the flow and at the channel 
boundary the total head of flow at the downstream section will be lower than at the 
upstream section so that: 
 ݖଵ ൅ ݀ଵ ൅ ߙଵ ȉ ݑതଵଶ ? ȉ ݃ൌ ݖଶ ൅ ݀ଶ ൅ ߙଶ ȉ ݑതଶଶ ? ȉ ݃൅ ݄௟ 
Equation 6.13 
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ZKHUH µ݄௟¶ LV WKH KHDG HQHUJ\ SHU XQLW ZHLJKW RI ZDWHU ORVV EHWZHHQ WKH WZR
sections. With respect to the stream power concepts addressed earlier, the time rate 
DWZKLFK WKLVKHDG ORVVRFFXUV LVHTXLYDOHQW WR<DQJ¶V (1972) unit weight stream 
SRZHUMXVWLI\LQJ<DQJ¶VGHILQLWLRQDVWKHWLPHUDWHRISRWHQWLDOHQHUJ\H[SHQGLWXUH
per unit weight of water. Whilst this ݄௟ represents the energy per unit weight lost 
from the system, the sum of the elevation of the channel above a datum and the 
depth of flow (ݖ ൅ ݀) represents the potential energy above the arbitrary datum per 
unit weight since: 
 ሺݖ ൅ ݀ሻ ȉ ݉ ȉ ݃ ൌ ݉ ȉ ݃ ȉ ݄ 
Equation 6.14 
 
and importantly, the velocity head ( ௨ഥమଶȉ௚) represents the kinetic energy per unit 
weight since: ݒଶ ? ȉ ݃ȉ ݉ ȉ ݃ ൌ  ? ?ȉ ݉ ȉ ݒଶ 
Equation 6.15 
 
 
7KHUHIRUHLQDVLPLODUPDQQHUWRZKLFK%DJQROG¶VVWUHDPSRZHUUHSUHVHQWV
the time rate of energy loss for a unit channel length by: 
  ? ൌ ݄௟ ȉ ݉ ȉ ݃ݐ ȉ ܺ ൌ ܸ ȉ ܵ௘ ȉ ܣ ȉ ܺ ȉ ߩ௪ ȉ ݃ܺ ൌ ߩ௪ ȉ ݃ ȉ ܳ ȉ ܵ௘ 
Equation 6.16 
 
the time rate of kinetic energy delivery to a unit channel length is: 
 
୩ ൌ ݑതଶ ? ȉ ݃ȉ ݉ ȉ ݃ݐ ȉ ܺ ൌ  ? ?ȉ ݉ ȉ ݑതଶݐ ȉ ܺ ൌ ߩ௪ ȉ ܳ ȉ ݑതଶ ? ȉ ܺ  
Equation 6.17 
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ZKHUHµ୩¶UHSUHVHQWVWKHUDWHRINLQHWLFHQHUJ\GHOLYHU\RUkinetic power per unit 
channel length. It is proposed that, whilst the energy losses from fluid flow due to 
friction (stream power) may be related to sediment transport as the shearing 
involved in sediment transport is partly responsible for those energy losses, the 
actual kinetic energy of the fluid flow may also be related to sediment transport 
since it is this that is responsible for driving the motion of grains. Therefore, it is 
proposed that the sediment transport capacity should be causally related to the rate 
of kinetic energy delivery (kinetic power), represented by Equation 6.17. 
This idea of fluid possessing kinetic power is well recognised in the 
application of fluid mechanics to hydropower calculations. The rate of 
hydrodynamic energy delivery to electricity generating devices is often expressed 
in relation to the rate at which a given mass of fluid is lowered by a height (݄ሻ: 
 ୮ ൌ ߩ௪ ȉ ܳ ȉ ݃ ȉ ݄ 
Equation 6.18 
 
ZKHUH µ୮¶ LV WKH UDWH RI FRQYHUVLRQ RI DYDLODEOH SRWHQWLDO HQHUJ\ RU Potential 
Power. However, this power can also be expressed in terms of the rate of delivery 
of the kinetic energy of flowing water, or Kinetic Power where: 
 ୩ ൌ ߛ ȉ ܳ ȉ ݑതଶ ? ȉ ݃ൌ ߩ௪ ȉ ܣ ȉ ݑതଷ ? ൌ ߩ௪ ȉ ܳ ȉ ݑതଶ ?  
Equation 6.19 
  ൌ ߩ௪ ȉ ܳ ȉ ݑതଶ ? ȉ ݓ ൌ ߩ௪ ȉ ҧ݀ ȉ ݑതଷ ?  
Equation 6.20 
 
where  is the kinetic power of fluid per unit channel width. 
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There is an apparent parallel between the mechanical work that water 
performs in turning a waterwheel or turbine and the mechanical work performed 
by water in transporting sediment along a channel. Therefore, it is proposed that 
the kinetic power of flowing fluid per unit channel width could be used as a new 
parameter with which to predict the amount of geomorphological work performed 
on the channel boundaries. 
 
6.3.3 Identification of the flow parameter most appropriate for predicting coarse 
material transport rate 
To identify the most appropriate flow parameter for predicting transport 
rate in a general sediment transport formula, 6SHDUPDQ¶V 5DQN FRUUHODWLRQ
coefficients were calculated between each of the parameters described above and 
transport rate for each of the datasets within the collated database. All of the 
hydraulic parameters apart from unit weight stream power have been correlated 
against unit width bed-load transport rate. Unit weight stream power has been 
correlated against sediment concentration as suggested by Yang (1972). 
6SHDUPDQ¶V5DQNKDVEHHQVHOHFWHGDVDQDSSURSULDWHVWDWLVWLFDOPHDQVWRLGHQWLI\
the parameter best associated with sediment transport rate as a strong positive 
correlation (R = 1) does not assume anything about the nature of the relationship 
between two variables, other than that an increase in one is associated with an 
increase in another (Davis, 2002). This means that no assumptions regarding the 
type of relationship (linear versus power versus exponential) between the flow 
parameters and transport rate are necessary. 
It should be noted that a particularly important limitation with all of the 
parameters under consideration above is that they are hydraulic in nature and 
therefore only depth-averaged representations of the flow responsible for coarse 
material transport. It is recognised that unsteadiness and non-uniformity in the 
flow are important for coarse material transport; however, they are not considered 
here due to the difficulties in representing them at the broad-scale under 
consideration within this study. 
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6.3.4 Accounting for supply limitations within bed-load transport data 
As has been highlighted previously within this thesis, transport capacity is 
the maximum sediment load that a given discharge can transport. This is only 
achieved when the supply of sediment to the channel equals or exceeds the 
transport capacity, and presents an important limitation in the utilisation of many 
bed-load transport datasets when deriving a bed-load transport capacity 
relationship which assumes no supply limitation. By definition, empirically 
derived sediment transport capacity relationships must be derived using datasets 
that are transport-, and not supply-, limited. Therefore, before using any of the 
collated datasets, it was considered appropriate to attempt to remove any datasets 
where sediment supply limitations restrict measured transport rates to less than the 
capacity value. 
Bravo-Espinosa et al. (2003) described a semi-quantitative process for 
identifying whether bed-load transport data are representative of supply- or 
transport-limited conditions. They examined exponential relations between bed-
load transport rate and stream power per unit bed area. Based on the assumption 
that any lack of relation between bed-load transport rate and stream power is due 
to the non-uniform spatio-temporal distribution of mobile sediment they identified 
whether a stream is transport-limited using the statistical significance of the 
relationship between its sediment discharge and stream power. This assumption 
seems reasonable because where no supply limitations are present there should be 
a functional relation between sediment discharge and stream power. Datasets 
which are potentially supply-limited were identified as those where the slope of 
the relationship between transport rate and stream power does not differ 
significantly from zero for all mobilised particle sizes. Datasets where the slope of 
the relationship between bed-load transport rate and stream power does not differ 
significantly from zero for some, but not all, mobilised particle sizes were 
identified as being partially supply-limited, whilst datasets where there was a 
significant relationship between transport rate and stream power for all particle 
sizes were designated as transport-limited (Bravo-Espinosa et al., 2003). 
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The technique applied here differs to that used by Bravo-Espinosa et al. 
(2003), but the underlying principle is the same. Based on the assumption that a 
poor correlation between bed-load transport rate and stream power is due to 
limitations on the supply of mobile material, a dataset is designated as supply- or 
transport-OLPLWHG EDVHG XSRQ WKH VWUHQJWK RI WKH 6SHDUPDQ¶V 5DQN FRUUHODWLRQ
between its bed-load transport rate and the hydraulic parameter most strongly 
correlated with transport rate. Datasets in the collated database were defined as 
transport-OLPLWHGRQO\LIWKH6SHDUPDQ¶V5DQNFRUUHODWLRQFRHIILFLHQWEHWZHHQEHG-
load transport rate and the hydraulic parameter identified as being most suitable 
for predicting transport rate falls above a selected threshold value of 0.75. 
 
6.3.5 Separating bed surface material transport rates from bed-load transport 
rates 
Bed-load sediment transport in coarse-grained channels has been described 
as occurring in phases (Jackson and Beschta, 1982; Carling, 1989; Ryan et al., 
2002), whereby transport rates are relatively low (Phase I) until a certain flow 
level is reached. Transport rates increase substantially once this threshold is 
exceeded, typically accompanied by an increase in the size of material moved 
(Phase II). Phase I transport consists primarily of material finer than that which 
dominates the bed surface, with the finer particles moving over a stable bed 
surface composed of coarser particles. This phase represents either remobilisation 
of finer fractions deposited in pools and tranquil areas of the bed, or involves the 
throughput of finer fractions delivered from upstream. Phase II consists of 
transport of these finer fractions along with the coarse material representative of 
the bed surface and, in armoured streams, the finer bed material previously hidden 
beneath the surface. It is only during this second phase that the transport of coarse 
material representative of the bed surface begins. 
The idea of two-phase bed-load transport highlights an important 
difference between the bed-load transport of grains representative of the local 
channel bed surface, and the bed-load transport of grains that are not dominant 
components of the bed surface but which are, instead, sourced from either 
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upstream reaches, or local, but temporary, pockets of fine material. Clearly, it is 
difficult to make a priori predictions about the nature of this type of Phase I 
transport, both in terms of the calibre of sediment particles in transit and the rate, 
because the rate of supply is unknown and the sizes are not apparent from 
examination of the size distribution on the bed. Further, transport of grain sizes not 
commonly observed on the bed surface locally can dominate the overall transport 
rate (e.g. Figure 6.3A). Based on the above, it can be considered an unrealistic 
expectation for an empirically derived sediment transport equation to be developed 
that could correctly and consistently predict total bed-load transport rates within 
natural streams. There are two reasons for this: firstly, to develop such an equation 
would require an empirical sediment transport dataset that also includes 
information on the total mass and size of all sediment supplied to the measurement 
site; and secondly, to apply such an equation would require knowledge of not just 
the hydraulic conditions and bed surface material size on the bed but also the mass 
and size of all sediment supplied to the study site. 
Therefore, in deriving a transport capacity relationship that is based upon 
empirical datasets that commonly lack information on the nature of sediment 
supplied to the measurement sites and that can be applied without information on 
the nature of sediment supplied to the study sites, it is necessary to isolate the 
transfer rate of the sediment fraction observed locally on the bed surface from the 
remainder of bed-load transport. Focussing on the sediment sizes representative of 
the local bed surface material means that the resultant bed surface material 
transport relationship can be linked to determining factors that are known a priori 
± such as the sediment size observed on the bed surface and the intensity of the 
flow. In essence, by dealing solely with sediment fractions representative of the 
bed surface it is possible to ensure that the resultant expression for sediment 
transport is not influenced by the supply-limitations that influence the finer 
fractions. This is not possible with many bed-load transport formulae, which do 
not differentiate between the transport of material on the river bed surface from 
that of supply-limited finer material provided from upstream and elsewhere. 
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To isolate the coarse bed surface material load from the finer bed-load 
fractions for each dataset, the bed surface and bed-load size distributions were 
compared (Figure 6.3). A number of attempts were made to define a methodology 
that could objectively identify which fractions within the transported bed-load 
were representative of the bed surface. However, due to an inherent difficulty in 
GHILQLQJ ZKDW µSHUPDQHQW¶ bed surface material consists of no objective means 
could be identified. For example, in some cases using all fractions that were 
observed in the bed surface distribution provided an obvious distinction between 
those sediment fractions that could be considered representative of the bed surface, 
and those that could not: the field-based uni-modal bed surface material size 
distribution in Figure 6.3A and the flume-based uni-modal bed surface material 
size distribution in Figure 6.3B. However, in other cases, using all fractions that 
were observed in the bed surface distribution led to the inclusion of finer material 
at sites with a bi-modal bed surface distribution (e.g. Figure 6.3C). However, using 
DOO IUDFWLRQV WKDW ZHUH REVHUYHG LQ WKH GRPLQDQW µPRGH¶ RI WKH EHG VXUIDFH
distribution led to further difficulties determining where the dominant bed surface 
mode ended and the other began. As a result of these difficulties in deriving an 
objective and consistent means of isolating the fractions representative of the bed 
surface each of the datasets was addressed separately and the size threshold at 
which sediment was considered large enough to be representative of the bed 
material surface was chosen on a case by case basis using expert judgement. As 
exemplified by the datasets in Figure 6.3A and Figure 6.3B, this could often be 
done based on the smallest size observed on the bed surface. However, in cases 
such as Figure 6.3C a somewhat subjective decision making process was 
employed. Once the lower size threshold for sediment fractions considered to be 
bed surface material was identified for each dataset the transport rate of all 
fractions above this threshold could be found for each bed-load measurement 
within that dataset ± this provided the bed surface material transport rate. 
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Figure 6.3 Examples of difference between bed surface material size distributions and 
WUDQVSRUWHGVL]HGLVWULEXWLRQV$5XQWDNHQIURP.LQJHWDO¶V(2004) data for the Fourth 
RI-XO\&UHHN,GDKR%5XQWDNHQIURP:LOFRFNHWDO¶V (2001) data for a flume-based 
H[SHULPHQWXVLQJVHGLPHQWPL[WXUHµ-¶ &5XQWDNHQIURP.LQJHWDO¶V(2004) data for 
the South Fork Payette River, Idaho. 
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6.3.6 Identification of a general bed surface material transport relationship 
using dimensionless parameters 
To derive a general relationship between the selected hydraulic parameter, 
the observed bed surface material size, and the bed surface material transport rate, 
all of the datasets found to be transport-limited based on the distinction outlined in 
Section 6.3.4 were considered. For each of the observations, the rate of bed surface 
material transport was plotted against the parameter selected to represent flow 
intensity. However, the collated datasets include bed-load transport observations 
from a range of conditions, including both flume and field based measurements, 
and sediment calibres ranging from fine sand to large cobble. Therefore, it is 
expected that, when all of the datasets are plotted together in their conventional 
units, no observable trend will be present due to the overriding influence of the 
variations in conditions under which they were measured. To adjust for this, and 
enable a single, general trend to be found across all of the datasets, both the 
parameter chosen to represent flow intensity and the sediment transport rate must 
be made dimensionless. Making both the parameter chosen to represent flow 
intensity and the sediment transport rate dimensionless allows the properties of 
these physical quantities to be considered independently of the units used to 
measure them. This form of analysis should therefore enable a generally consistent 
relationship to be derived between the parameter chosen to represent flow intensity 
and the transport rate of local bed surface material. 
 
6.4 Results and analysis 
6.4.1 Identification of flow parameter most appropriate for predicting coarse 
material transport rate 
TKH 6SHDUPDQ¶V 5DQN FRUUHODWLRQ FRHIILFLHQW for each of the five flow 
parameters under consideration and bed-load transport rate was found for all 133 
of the collated datasets. The results of these correlations are detailed in Table 6.2 
and the distributions of correlation coefficients are illustrated in Figure 6.4. 
These results demonstrate that, across all of the collated datasets, stream 
power per unit bed area Ȧ KDV D VWURQJHU PHDQ FRUUHODWLRQ coefficient with 
sediment transport rate than any of the other flow parameters (0.85). Mean 
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velocity also has a relatively high correlation coefficient (0.83), with tractive force 
(mean bed shear stress), unit weight stream power and unit width kinetic power 
averaging correlation coefficients of 0.77, 0.74 and 0.78 respectively. 
Not only is the mean association between stream power per unit bed area 
and transport rate stronger than any of the other flow parameters, but the strength 
of association is consistently greater across the majority of the collated datasets. 
Figure 6.4 demonstrates that not only do far more datasets have a correlation 
coefficient greater than 0.9 between stream power per unit bed area and bed-load 
transport rate than for any other parameter, but also, no other parameter has fewer 
datasets with correlation coefficients less than 0.5. 
Furthermore, detailed analysis of the correlations for both velocity and 
tractive force for individual datasets reveal that, in certain datasets, they are very 
poorly associated with bed-load transport rate, despite stream power having a 
strong relationship in the same datasets (e.g. Figure 6.5). 
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Table 6.2 6SHDUPDQ¶V 5DQN FRUUHODWLRQ FRHIILFLHQWV EHWZHHQ HDFK IORZ SDUDPHWHU DQG
bed-load transport rate for all datasets. Datasets in italic have been identified as supply-
limited (a - unit weight stream power correlated against sediment concentration instead of 
transport rate) 
Data 
Source 
Data 
Type Dataset V Ĳ Ȧ VSa K 
        
Bravo-
Espinosa, 
1999 
Field 
Clearwater River at Spalding, Idaho 0.83 0.85 0.84 0.63 0.83 
Snake River near Anatone, Washington 0.52 0.55 0.53 0.35 0.53 
East Fork River, Wyoming 0.69 0.70 0.70 0.46 0.70 
Oak Creek near Corvallis, Oregon 0.93 0.96 0.94 0.90 0.93 
Chippewa River at Durand, Wisconsin 0.85 0.81 0.83 0.21 0.83 
Chippewa River at Pepin, Wisconsin 0.49 0.34 0.44 0.20 0.53 
Horse Creek near Westcreek, Colorado 0.80 0.53 0.74 0.73 0.80 
La Garita Creek, Colorado 0.82 0.57 0.75 0.42 0.80 
N Fork South Platte River at Buffalo, Col. 0.69 0.41 0.63 0.65 0.67 
N Fork Toutle River at Kid Valley, Wash. 0.82 0.65 0.78 0.60 0.85 
Toutle River at Tower Road, Wash. 0.81 0.75 0.78 0.44 0.81 
 Williams Fork near Leal, Colorado 0.57 0.48 0.51 -0.44 0.56 
 Wiscosin River at Muscoda, Wisc. 0.65 0.35 0.40 -0.16 0.63 
Yampa River at Deerlodge Park, Col. 0.51 0.17 0.25 -0.40 0.30 
        
Gomez 
and 
Church, 
1989 
 
Field 
Tanana River, Alaska 0.32 0.59 0.52 0.12 0.35 
Elbow River, Alberta 0.81 0.84 0.81 0.72 0.81 
       
Flume 
Ikeda - Uni of Tsukuba 0.93 0.95 0.97 0.96 0.75 
Johnson - IHR, Uni of Iowa: 1 0.42 0.75 0.74 0.81 -0.23 
Johnson - IHR, Uni of Iowa: 2 0.63 0.77 0.89 0.83 0.18 
Johnson - IHR, Uni of Iowa: 3 0.65 0.85 0.92 0.79 0.30 
Johnson - IHR, Uni of Iowa: 4 0.84 0.93 0.97 0.76 0.60 
Johnson - IHR, Uni of Iowa: 5 0.77 0.85 0.95 0.82 0.24 
Johnson - IHR, Uni of Iowa: 6 0.80 0.88 0.97 0.79 0.42 
Meyer-Peter & Muller - 1 0.79 0.89 0.89 0.94 0.45 
Meyer-Peter & Muller - 2 0.97 0.98 0.98 0.84 0.98 
Meyer-Peter & Muller - 3 0.96 0.89 0.96 0.96 0.96 
Paintal - Uni of Minnesota: 1 0.90 0.90 0.90 0.84 0.90 
Paintal - Uni of Minnesota: 2 0.81 0.78 0.78 0.73 0.82 
Paintal - Uni of Minnesota: 3 0.79 0.93 0.80 0.70 0.80 
Paintal - Uni of Minnesota: 4 0.80 0.93 0.93 0.65 0.82 
Paintal - Uni of Minnesota: 5 0.92 0.98 0.98 0.85 0.97 
Wilcock - MIT, Cambridge: 1 (MUNI) 1.00 1.00 1.00 1.00 1.00 
Wilcock - MIT, Cambridge: 2 (CUNI) 1.00 1.00 1.00 1.00 1.00 
Wilcock - MIT, Cambridge: 3 (0.5phi) 1.00 1.00 1.00 1.00 1.00 
Wilcock - MIT, Cambridge: 4 (1.0phi) 1.00 1.00 1.00 1.00 1.00 
Williams - USGS, Washington DC 0.93 0.96 0.96 0.99 0.60 
        
King et 
al., 2004 Field 
Big Wood River near Ketchum, Idaho 0.94 0.94 0.94 0.89 0.94 
Blackmare Creek, Idaho 0.74 0.55 0.71 0.53 0.75 
Boise River, Idaho 0.93 0.93 0.93 0.84 0.93 
Cat Spur Creek, Idaho 0.70 0.71 0.70 0.57 0.70 
Dollar Creek, Idaho 0.83 0.80 0.83 0.67 0.83 
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Data 
Source 
Data 
Type Dataset V Ĳ Ȧ VSa K 
Eggers Creek, Idaho 0.82 0.81 0.81 0.47 0.81 
Fourth of July Creek, Idaho 0.86 0.86 0.86 0.75 0.86 
Hawley Creek, Idaho 0.54 0.49 0.52 0.30 0.53 
Herd Creek, Idaho 0.86 0.87 0.87 0.76 0.86 
Johns Creek, Idaho 0.80 0.80 0.80 0.69 0.80 
Johnson Creek, Idaho 0.95 0.92 0.93 0.89 0.94 
Little Buckhorn Creek, Idaho 0.62 0.80 0.72 0.38 0.67 
Little Slate Creek, Idaho 0.67 0.65 0.67 0.37 0.67 
Lochsa River, Idaho 0.85 0.86 0.86 0.81 0.86 
Lolo Creek, Idaho 0.44 0.53 0.49 0.11 0.47 
Main Fork Red River, Idaho 0.79 0.78 0.79 0.57 0.79 
Marsh Creek, Idaho 0.80 0.56 0.75 0.72 0.81 
Middle Fork Salmon River, Idaho 0.79 0.81 0.81 0.74 0.80 
North Fork Clearwater River, Idaho 0.89 0.83 0.88 0.84 0.89 
Rapid River, Idaho 0.74 0.71 0.73 0.55 0.74 
Salmon River below Yankee Fork, Idaho 0.82 0.82 0.81 0.71 0.81 
Salmon River nr Obsidian, Idaho 0.71 0.61 0.70 0.59 0.70 
Salmon River nr Shoup, Idaho 0.30 0.73 0.57 0.21 0.42 
Selway River, Idaho 0.95 0.94 0.95 0.92 0.95 
South Fork Payette River, Idaho 0.82 0.81 0.82 0.63 0.82 
South Fork Red River, Idaho 0.64 0.60 0.63 0.36 0.64 
South Fork Salmon River, Idaho 0.87 0.85 0.86 0.77 0.86 
Squaw Creek nr Clayton, Idaho 0.86 0.72 0.85 0.73 0.86 
Squaw Creek nr Papoose Creek, Idaho 0.57 0.28 0.52 0.39 0.56 
Thompson Creek, Idaho 0.90 0.87 0.89 0.87 0.90 
Trapper Creek, Idaho 0.71 0.67 0.70 0.39 0.71 
Valley Creek, Idaho 0.73 -0.14 0.62 0.65 0.73 
West Fork Buckhorn Creek, Idaho 0.61 0.54 0.59 0.35 0.60 
        
Ryan et 
al., 2005 Field 
Cache Creek nr Jackson, Wyoming 0.87 0.85 0.87 0.76 0.87 
Coon Creek 0.83 0.86 0.87 0.72 0.86 
East Fork Encampment River 0.73 0.74 0.78 0.65 0.77 
East Fork San Juan 0.92 0.64 0.72 0.68 0.94 
East St. Louis Creek 0.72 0.61 0.77 0.60 0.76 
Fool Creek 0.67 0.74 0.80 0.56 0.76 
Halfmoon Creek 0.92 0.85 0.90 0.80 0.92 
Hayden Creek 0.88 0.82 0.89 0.73 0.88 
Middle Fork Piedra River 0.93 0.88 0.92 0.86 0.93 
Silver Creek 0.71 0.14 0.65 0.64 0.81 
South Fork Cache Le Poudre 0.94 0.92 0.94 0.85 0.94 
St. Louis Creek 1 0.86 0.81 0.86 0.64 0.87 
St. Louis Creek 2 0.88 0.87 0.90 0.74 0.89 
St. Louis Creek 3 0.89 0.89 0.91 0.83 0.90 
St. Louis Creek 4 0.69 0.59 0.70 0.54 0.70 
St. Louis Creek 4a 0.74 0.61 0.77 0.63 0.79 
St. Louis Creek 5 0.61 0.57 0.65 0.36 0.64 
Upper Florida River nr Lemon Reservoir 0.96 0.91 0.93 0.90 0.97 
        
Wilcock Flume Wilcock - BOMC 1.00 0.99 1.00 1.00 1.00 
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Data 
Source 
Data 
Type Dataset V Ĳ Ȧ VSa K 
et al., 
2001 
Wilcock - J06 0.95 0.99 1.00 1.00 0.95 
Wilcock - J14 1.00 0.93 0.95 0.98 1.00 
Wilcock - J21 0.96 0.95 0.95 0.98 0.90 
Wilcock - J27 0.98 1.00 1.00 0.99 1.00 
        
Yang, 
1979 
Field 
Colby - Niobara River data 0.95 0.91 0.95 0.92 0.96 
Einstein - Mountain Creek 0.94 0.93 0.93 0.84 0.92 
Hubbell - Middle Loup River, Nebraska 0.87 -0.69 0.43 0.44 0.84 
Jordan - Mississippi River, near St. Louis 0.95 0.91 0.94 0.89 0.93 
Nordin - Rio Grande, near Bernalillo A2 0.89 0.67 0.89 0.79 0.91 
Nordin - Rio Grande, near Bernalillo F 0.83 0.72 0.84 0.71 0.83 
Flume 
Gilbert - 0.305mm sand in 1.32ft flume 0.91 0.94 0.99 0.96 0.83 
Gilbert - 0.305mm sand in 1.96ft flume 0.83 0.95 0.96 0.98 0.65 
Gilbert - 0.375mm sand in 0.66ft flume 0.84 0.95 0.98 0.98 0.64 
Gilbert - 0.375mm sand in 1.00ft flume 0.90 0.94 0.98 0.99 0.68 
Gilbert - 0.375mm sand in 1.32ft flume 0.88 0.86 0.97 0.97 0.72 
Gilbert - 0.375mm sand in 1.96ft flume 0.80 0.80 0.97 0.96 0.80 
Gilbert - 0.506mm sand in 0.44ft flume 0.98 0.98 0.99 0.90 0.88 
Gilbert - 0.506mm sand in 0.66ft flume 0.94 0.94 0.98 0.92 0.79 
Gilbert - 0.506mm sand in 1.00ft flume 0.95 0.94 0.99 0.97 0.82 
Gilbert - 0.506mm sand in 1.32ft flume 0.94 0.89 0.98 0.98 0.73 
Gilbert - 0.506mm sand in 1.96ft flume 0.93 0.92 0.98 0.99 0.71 
Gilbert - 0.786mm sand in 0.66ft flume 0.95 0.94 0.97 0.95 0.70 
Gilbert - 0.786mm sand in 1.00ft flume 0.98 0.97 0.99 0.98 0.84 
Gilbert - 0.786mm sand in 1.32ft flume 0.93 0.87 0.95 0.98 0.58 
Gilbert - 1.71mm sand in 0.66ft flume 0.84 0.94 0.93 0.79 0.86 
Gilbert - 1.71mm sand in 1.00ft flume 0.92 0.94 0.97 0.98 0.63 
Guy - CSU, 2ft wide flume, 0.32mm D50 0.97 0.96 0.97 0.97 0.98 
Guy - CSU, 2ft wide flume, 0.33mm D50 - G 0.98 0.99 0.99 0.98 0.98 
Guy - CSU, 2ft wide flume, 0.33mm D50 - U 1.00 0.95 1.00 1.00 1.00 
Guy - CSU, 2ft wide flume, 0.54mm D50 0.97 0.92 0.98 0.98 0.97 
Guy - CSU, 8ft wide flume, 0.19mm D50 0.97 0.97 1.00 0.99 0.96 
Guy - CSU, 8ft wide flume, 0.27mm D50 0.98 0.95 0.99 0.98 0.97 
Guy - CSU, 8ft wide flume, 0.28mm D50 0.98 0.93 0.98 0.99 0.96 
Guy - CSU, 8ft wide flume, 0.45mm D50 0.97 0.97 0.99 0.98 0.96 
Guy - CSU, 8ft wide flume, 0.47mm D50 0.96 0.93 0.97 0.96 0.94 
Guy - CSU, 8ft wide flume, 0.93mm D50 0.99 0.98 0.99 0.98 0.95 
Kennedy - 0.233mm sand in 0.875ft flume 0.92 0.88 0.93 0.94 0.82 
Kennedy - 0.233mm sand in 2.79ft flume 0.94 0.93 0.97 0.95 0.85 
Kennedy - 0.549mm sand in 0.875ft flume 0.98 0.90 0.96 0.98 0.90 
Nomicos - 0.241 ft deep, 0.152mm 0.99 -0.20 0.80 0.94 0.99 
Nordin - 1976 Bernado sand 0.96 0.58 0.94 0.93 0.93 
Stein - 0.4mm sand in 4 ft flume 0.99 0.48 0.92 0.98 0.97 
Vanoni - 0.137mm sand in 2.79ft flume 0.90 0.05 0.82 0.88 0.82 
Williams - 1.35mm sand in 1ft flume 0.92 0.99 0.98 0.99 0.57 
        
Mean   0.83 0.77 0.85 0.74 0.78 
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Figure 6.4 Distribution of Spearman's Rank correlation coefficients for flow parameters across 
transport datasets. (A) Mean velocity. (B) Tractive force. 
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Figure 6.4 Distribution of Spearman's Rank correlation coefficients for flow parameters 
across transport datasets. (C) Stream power per unit bed area. (D) Unit weight stream 
power. 
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 Figure 6.4 Distribution of Spearman's Rank correlation coefficients for flow parameters 
across transport datasets. (E) Unit width kinetic power. 
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Figure 6.5 Examples of a sediment transport data set where (A) depth-averaged velocity 
and (B) tractive force are poorly correlated with sediment transport rate compared with 
(C) stream power per unit bed area - -RKQVRQ¶V(1943) laboratory investigations on bed-
load transportation, series II, taken from the Gomez and Church (1988) collection of data. 
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6.4.2 Accounting for supply limitations within bed-load transport datasets 
As described in Section 6.3.4, a filtering process was applied to all of the 
collated datasets to ensure that they are all transport-, rather than supply-, limited. 
Section 6.4.1 identified that stream power per unit bed area is the parameter most 
closely correlated with sediment transport rate. Therefore, datasets where the 
6SHDUPDQ¶V 5DQN FRUUHODWLRQ FRHIILFLHQW Iell below 0.75 were identified as not 
being transport-limited and are highlighted in italics in Table 6.2. 
To evaluate this means of identifying non-transport-limited datasets Table 
6.3 compares the classification of some datasets using this correlation threshold of 
0.75 against the results of the classification applied by Bravo-Espinosa et al. 
(2003). This comparison illustrates how the two techniques produce a similar 
outcome ± all of the datasets identified as transport and supply-limited by Bravo-
Espinosa et al. (2003) are also identified as transport- and non-transport-limited 
respectively by the approach adopted here. 
As a result of the above findings, it was concluded that the method applied 
here is sufficiently robust and only GDWDVHWVZLWK D6SHDUPDQ¶V5DQNFRUUHODWLRQ
coefficient between sediment transport rate and stream power per unit bed area 
greater or equal to 0.75 were taken forward to be used within the derivation of a 
general formula for predicting bed surface material transport capacity. 
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Table 6.3 Identification of non-transport-OLPLWHGGDWDVHWV XVLQJ 6SHDUPDQ¶V 5DQN FRHIILFLHQW FRPSDUHGZLWK UHVXOWV RI PHWKRGRORJ\ DSSOLHG E\
Bravo-Espinosa et al. (2003) 
Dataset Bed-load transport 
condition identified by 
Bravo-Espinosa et al. 
6SHDUPDQ¶V5DQNFRUUHODWLRQ
coefficient between stream power per 
unit bed area and unit width transport 
rate 
Bed-load transport condition 
EDVHGRQ6SHDUPDQ¶V5DQN
correlation coefficient 
    
Clearwater River at Spalding, Idaho Partially supply limited 0.84 Transport limited 
Snake River near Anatone, Washington Supply limited 0.53 Not-transport limited 
East Fork River, Wyoming Partially supply limited 0.70 Not-transport limited 
Oak Creek near Corvallis, Oregon Transport limited 0.94 Transport limited 
Chippewa River at Durand, Wisconsin Transport limited 0.83 Transport limited 
Chippewa River at Pepin, Wisconsin Supply limited 0.44 Not-transport limited 
Horse Creek near Westcreek, Colorado Partially supply limited 0.74 Not-transport limited 
La Garita Creek, Colorado Transport limited 0.87 Transport limited 
North Fork of South Platte River at Buffalo, Colorado Partially supply limited 0.63 Not-transport limited 
North Fork Toutle River at Kid Valley, Washington Transport limited 0.78 Transport limited 
Toutle River at Tower Road, Washington Partially supply limited 0.78 Transport limited 
Williams Fork near Leal, Colorado Supply Limited 0.51 Not-transport limited 
Wiscosin River at Muscoda, Wisconsin Partially supply limited 0.40 Not-transport limited 
Yampa River at Deerlodge Park, Colorado Supply limited 0.25 Not-transport limited 
Boise River, Idaho Transport limited 0.93 Transport limited 
Johnson Creek, Idaho Transport limited 0.93 Transport limited 
Lochsa River, Idaho Transport limited 0.86 Transport limited 
North Fork Clearwater River, Idaho Transport limited 0.88 Transport limited 
Selway River, Idaho Transport limited 0.95 Transport limited 
South Fork Payette River, Idaho Transport limited 0.82 Transport limited 
South Fork Salmon River, Idaho Transport limited 0.86 Transport limited 
Valley Creek, Idaho Partially supply limited 0.62 Not-transport limited 
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6.4.3 Separating bed surface material transport rates from bed-load transport 
rates 
Separation of the bed surface material transport rate from the total bed-
load transport rate was performed for all the collated datasets. Figure 6.3 gives 
examples of how the transported material and local bed surface material size 
distributions differ for selected datasets. It is evident that, whilst the bed surface 
and bed-load size distributions from the flume-based example are similar, the bed 
surface and bed-load size distributions from the field-based example differ. As 
would be expected, the flume-based example shows that, where all of the material 
in the transport system is from the same mixture, the transported bed-load is 
generally similar in calibre to the material on the bed. In contrast, the field-based 
example demonstrates clearly that the majority of the transported bed-load may be 
finer than any of the material observed on the bed. Figure 6.6 demonstrates, for 
two of the datasets used in Figure 6.3, how the bed surface transport rate differs 
from the total bed-load transport rates. This is useful in demonstrating the impact 
of isolating the bed surface material transport rate. In this figure, a clear difference 
between the surface and total transport rates is apparent in the field-based 
example. This is because a large proportion of the bed-load is no longer included 
as it is finer than that present on the bed surface. This clearly has important 
implications for formulae that predict bed-load transport rates based on the 
sediment sizes observed on the bed, but which are derived or calibrated using total 
bed-load transport rates. 
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Figure 6.6 Examples of difference between total bed-load transport rates, and bed surface 
material transport rates$.LQJHWDO¶V(2004) data for the Fourth of July Creek, Idaho. 
% :LOFRFN HW DO¶V (2001) data for a flume-based experiment using sediment mixture 
µJ06¶. 
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6.4.4 Identification of a general bed surface material transport function using 
dimensionless stream power per unit bed area 
One criticism of the stream power per unit bed area approach as adopted by 
Bagnold is the lack of equality of units on either side of the equation. In their 
commonly used forms, the dimensions of stream power per unit bed area (W1m-2 
or N1m-1s-1 - M1L0T-3) and unit width sediment transport rate (kg1m-1s-1 - M1L-1T-1) 
are dissimilar. To solve this, Bagnold generally omitted the constant for 
gravitational acceleration from his representations of stream power per unit bed 
area, so that stream power per unit bed area and unit width sediment transport had 
the same units (kg1m-1s-1 - M1L-1T-1). However, this alternative expression for 
stream power has caused much confusion (Ferguson, 2005). As a solution, it is 
proposed here that sediment transport rate is described in terms of its submerged 
weight (Newtons) rather than mass (kg) so that both stream power per unit bed 
area and unit width sediment transport rate can be reported in N1m-1s-1 (M1L0T-3). 
Figure 6.7 displays all of the transport-limited datasets in these units. 
Despite clear trends being present in Figure 6.7 for each of the transported 
sediment size types, there are significant differences between the relationships for 
each sediment size. This was expected based on the discussion in Section 6.3.6, 
and as a solution the stream power per unit bed area and unit width sediment 
transport rate values have been converted into non-dimensional forms. Since both 
stream power per unit bed area and unit width sediment transport rate (submerged 
weight) have the same units (N1m-1s-1) they can be made dimensionless using the 
same denominator. The method for converting them into non-dimensionless form 
KDV EHHQ DGDSWHG IURP (LQVWHLQ DQG &KLHQ¶V (1955) dimensionless form of 
sediment transport rate used in attaining similarity in distorted river models. The 
non-dimensional version of stream power per unit bed area (߱כ) is therefore given 
by: 
 ߱כ ൌ ߱݃ ȉ ሺߩ௦ െ ߩ௪ሻ ȉ ටߩ௦ െ ߩ௪ߩ௪ ȉ ݃ ȉ ܦ௜ଷ 
Equation 6.21 
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and the non-dimensional version of unit width sediment transport rate (ݍ௦כ) is given 
by: 
 ݍ௦כ ൌ ݍ௦݃ ȉ ሺߩ௦ െ ߩ௪ሻ ȉ ටߩ௦ െ ߩ௪ߩ௪ ȉ ݃ ȉ ܦ௜ଷ 
Equation 6.22 
 
where ݍ௦ is the predicted rate of bed surface material transport in N1m-1s-1 
(submerged weight), ݓ is the active channel width in m, ߱ is the stream power per 
unit bed area in N1m-1s-1 calculated using ߱ ൌ ሺܳ ȉ ܵ ȉ ݃ ȉ ߩ௪ሻ ݓ ? , ܳ is the 
discharge in m3s-1, ܵ is the energy slope (approximated by channel slope), ݃ is 
gravitational acceleration in m2s-1 (assumed to be 9.81), ߩ௦ is the density of 
sediment in kg1m-3 (assumed to be 2650), ߩ௪ is the density of water in kg1m-3 
(assumed to be 1000), and ܦ௜ is the assumed diameter of the bed surface material 
being transported in m1.  
These two dimensionless parameters have been plotted against each other 
in Figure 6.8 where a two-phase relationship is clearly apparent. Best-fit lines have 
been derived for each of the phases of the relationship and these are also displayed 
in Figure 6.8. The resultant functions fitted to the observations is 
 ݍ௦כ ൌ ൜  ? ? ?ȉ ߱כ଺IRU߱כ ൏  ? ?? ? ? ? ? ȉ ߱כଵ ?ହIRU߱כ ൒  ? ?? ? 
Equation 6.23 
 
As both parameters have been rendered dimensionless by dividing by the 
same denominator it is prudent to ensure that this relationship is not entirely 
spurious. A spurious relationship is one in which two occurrences have no causal 
connection, yet it may seem as though they do because of a common third factor 
(Benson, 1965), which in this case would be the common denominator used to 
make them dimensionless. When the same denominator was applied to a 
  
251 
randomised dataset the relationship between the dimensionless random stream 
power and transport rate values was as illustrated by Figure 6.9. This shows that, 
whilst the common denominator between the dimensionless variables results in a 
spurious correlation, that correlation is far weaker than that for the real sediment 
transport data. 6SHDUPDQ¶V5DQNFRUUHODWLRQFRHIILFLHQWVRIDQGwere 
obtained for the random and real datasets, respectively. Further, the relationship 
between the dimensionless random stream power and sediment transport values in 
Figure 6.9 does not exhibit the two-stage relationship apparent in Figure 6.8. 
Figure 6.10 shows observed bed surface material transport values for some 
example datasets that fall within the first phase of the relationship (߱כ ൏  ? ?? ?) 
alongside the relationship predicted by Equation 6.23. There is a varying degree of 
scatter around the relationship in this phase, but examination of the residuals 
demonstrates little discernable trend (Figure 6.11). Residuals were calculated as 
the ratio of predicted to observed values of ݍ௦כ and have been plotted against both ߱כ (Figure 6.11A), and bed surface material size type (Figure 6.11B). 
Figure 6.12 shows observed bed surface material transport values for some 
example datasets that fall within the second phase of the relationship (߱כ ൒  ? ?? ?) 
alongside the relationship predicted by Equation 6.23. Again, there is a varying 
degree of scatter around the best fit relationship for this phase. Inspection of the 
residuals for this phase (Figure 6.13) suggests that there is some over-prediction of 
bed surface material transport rates at the lower values of ߱כ for some 
observations (Figure 6.13A). Observations that fall below the rate predicted by the 
relationship can also be seen in Figure 6.8 for values of dimensionless stream 
power per unit bed area of between ~0.25 and ~10. Closer examination of these 
observations reveals that they are all from a collection of datasets from one 
experimental programme: that of Guy et al. (1966)WDNHQIURP<DQJ¶VFROOHFWLRQ
of data (1979). It is hypothesised here that supply limitations were operating 
within this experimental set-up. Other than observations from this one particular 
source, there is no discernable trend in the residuals with either ߱כ (Figure 6.13A), 
or bed surface material size type (Figure 6.13B). 
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Figure 6.7 Unit width bed surface material transport rates plotted against stream power per unit bed area for all of the collated transport-limited 
datasets.  
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Figure 6.8 Dimensionless unit width bed surface material sediment transport rates plotted against dimensionless stream power per unit bed area 
for all of the collated transport-limited datasets. Solid line indicates derived two-phase bed surface material transport relationship. 
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Figure 6.9 Dimensionless unit width bed surface material sediment transport rates plotted against dimensionless stream power per unit bed area 
for a random dataset 
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Figure 6.10 Examples of datasets within first (competence) phase of bed surface material WUDQVSRUW$-RKQVRQ¶V(1943) laboratory investigations 
on bed-load transportation, series V, taken from the Gomez and Church (1988) collection of data. %3DLQWDO¶V(1971) laboratory investigations 
on bed-load transportation, series V, taken from the Gomez and Church (1988) collection of data. (C) .LQJHWDO¶V(2004) data for the Boise River, 
Idaho. Dashed line represents derived first (competence) phase of bed surface material transport relationship. 
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Figure 6.11 Ratio between predicted and observed values within first (competence) phase 
of bed surface material transport relationship. (A) Plotted against dimensionless stream 
power per unit bed area. (B) Plotted for different bed surface material types. 
 
  
257 
 
Figure 6.12 Examples of datasets within the second (capacity) phase of bed surface material WUDQVSRUW$(LQVWHLQ¶V(1944) data for Mountain 
&UHHN6RXWK&DUROLQHWDNHQIURP<DQJ¶VFROlection of data (1979). (B) *LOEHUW¶V(1914) laboratory investigations on the transport of debris by 
UXQQLQJZDWHUPPVDQGLQDIWZLGHIOXPHWDNHQIURP<DQJ¶VFROOHFWLRQRIGDWD(1979). (C) WilliamV¶V(1969) laboratory investigations 
RQ WKH WUDQVSRUW RI FRDUVH VDQG WDNHQ IURP <DQJ¶V FROOHFWLRQ RI GDWD (1979). Dashed line represents derived second (capacity) phase of bed 
surface material transport relationship. 
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Figure 6.13 Ratio between predicted and observed values within second (capacity) phase 
of bed surface material transport. (A) Plotted against dimensionless stream power per 
unit bed area. (B) Plotted for different bed surface material types. 
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It could be argued that the two phases of the bed surface material transport 
apparent in Figure 6.8 and expressed in Equation 6.23 represent discrete and 
unrelated types of transport relating to different environmental conditions (for 
example, gravel versus sand-bed channels). To test this, datasets that had values of ߱כ both below and above the apparent threshold value of 0.25 were identified. A 
selection of these datasets is displayed in Figure 6.14. It is evident, even within a 
single dataset, that crossing an approximate threshold of ߱כ ൎ  ? ?? ? results in an 
obvious change in the relationship between dimensionless stream power per unit 
bed area and dimensionless bed surface material transport rate. 
As identified in Section 6.3.4, limitations to the supply of material can 
significantly affect the relationship between stream power per unit bed area and 
bed surface material transport. Figure 6.15 demonstrates how datasets known to be 
supply-limited (and which were not therefore included in the derivation of 
Equation 6.23) deviate from the bed surface material transport relationship derived 
for second phase transport, while datasets identified by Gomez (2006) as definitely 
having no supply limitations fall along the derived relationship.  
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Figure 6.14 Examples of datasets that cross between the first (competence) phase and second (capacity) phase of bed surface material transport. 
(A) ,NHGD¶V(1983) laboratory investigations on bed-load transport, taken from the Gomez and Church (1988) collection of data. (B) Meyer-Peter 
DQG0XOOHU¶V(1948) laboratory investigations on bed-load transport, series 1, taken from the Gomez and Church (1988) collection of data. (C) 
:LOFRFN¶V(1987) laboratory investigations on bed-load transport of mixed-size sediment, 0.5phi series, taken from the Gomez and Church (1988) 
collection of data. Dashed line represents derived bed surface material transport relationship. 
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Figure 6.15 Demonstration of the difference in association between transport- (in green) 
and supply- (in red) limited datasets with the derived capacity phase of bed surface 
material transport relationship. Dashed line represents the derived capacity phase of the 
bed surface material transport relationship.  
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6.5 Discussion 
6.5.1 Stream power per unit bed area as the flow parameter most appropriate for 
predicting bed-load transport rate 
It is apparent from the results in Section 6.4.1 that, despite the case made 
for application of unit width kinetic power to sediment transport analysis, that 
parameter is not as strongly correlated with bed-load transport as some of the other 
parameters representing flow intensity.  
More interesting however, is the finding that the association between 
tractive force and sediment transport rate is also weaker than those for the other 
parameters. Further, while mean flow velocity is nearly as strongly associated with 
sediment transport as stream power per unit bed area, it, like tractive force, is less 
consistent in its association than is stream power per unit bed area. The causes of 
the inconsistent associations that both mean velocity and tractive force display 
with transport rate have been the subject of much discussion in the historic 
literature, and yet are apparently neglected by contemporary approaches to 
sediment transport prediction. 
Clifford (2008) provides a detailed review of the historic literature dealing 
with the physical complexities associated within the onset of sediment movement. 
This review offers a useful entry point for making sense of the substantial progress 
that has been made, but seemingly forgotten in this area. Meyer-Peter et al. (1934) 
were among the first to express dissatisfaction with formulae that incorporated 
either velocity or tractive force relations (such as du Boys, 1879). They considered 
such relations were unlikely to be valid, because the distribution of velocity and 
tractive force in a channel are non-uniform and vary with channel roughness. A 
recent investigation into the threshold of motion highlighted this non-uniformity 
and the impact that it has on the critical dimensionless tractive force (Shields 
parameter) at different slopes (Parker et al., in review). Parker et al. identified that 
increases in slope act to increase the tractive force necessary to entrain sediment, 
whilst having an opposite effect on tKHFULWLFDOPHDQYHORFLW\6LPLODUO\5XEH\¶V
(1938) consideration of the factors influencing the onset of sediment movement 
revealed that finer sediment entrainment appears to depend strongly upon shear 
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stress but not on velocity, whilst the entrainment of larger sediment appears to be 
dependent on mean velocity, but not on shear stress. Finally, Brooks (1958) 
observed that, in flumes with flows of the same depth and slope (and therefore 
tractive force), sediment transport rates varied with mean velocity (caused by 
variations in slope and/or channel roughness). Therefore, transport equations based 
on tractive force fail to predict the multiple values found experimentally through 
variation in velocity. 
The work of Rubey (1938) went someway to understanding why both 
tractive force and mean velocity are inconsistent in their predictions of bed-load 
transport rate for different values of channel slope and roughness. He argued that 
near-bed velocity is actually the parameter most appropriate for predicting the 
transport of bed-load but that, since it is a parameter that is difficult to define, 
measure or predict, tractive force and mean velocity are useful substitutes. Mavis 
and Laushey (1949) came to similar conclusions, emphasising the importance of 
near bed velocity on sediment transport. However, they suggested approximating 
near bed velocity by combining mean velocity and tractive force together. This 
line of argument was further pursued by Parker et al. (in review) when identifying 
the most appropriate means of defining the threshold of motion. They concluded 
that, because it has been shown empirically that critical velocity and critical 
tractive force both vary with slope (and relative roughness) whilst critical stream 
power per unit bed area does not, stream power per unit bed area is a more suitable 
parameter for defining the initiation of motion. The theoretical justification for this 
is that, because stream power per unit bed area is the product of tractive force and 
mean velocity, it essentially acts to combine their effects in a similar manner to 
that suggested by Mavis and Laushey (1949). It is argued here that it is the 
combined influence of both velocity and tractive force (Equation 6.6) that is 
responsible for stream power per unit bed area having such a strong association 
with sediment transport. 
,W LV VXUSULVLQJ WKDW<DQJ¶V (1972) unit weight stream power is relatively 
poorly associated with sediment transport rate compared with stream power per 
unit bed area (and even mean velocity). It is apparent from examining Table 6.2 in 
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detail that unit weight stream power performs similarly to stream power per unit 
bed area for flume-based datasets (where flow intensity is largely controlled by 
varying slope). However, it performs relatively poorly for field-based datasets 
(where flow intensity is largely controlled by varying discharge). 
:LWKLQ WKH µ(URVLRQ DQG 6HGLPHQWDWLRQ 0DQXDO¶ IRU WKH 86 %XUHDX RI
Reclamation, Yang (2006) argued that unit weight stream power is the most 
appropriate parameter for predicting bed-load. Using both Meyer-Peter and 
MullHU¶V (1948) DQG *LOEHUW¶V (1914) flume datasets, Yang (2006) demonstrated 
that when sediment concentration is plotted against either tractive force or stream 
power per unit bed area DµORRSHIIHFW¶LVREVHUYHG7KLVORRSHIIHFWLQGLFDWHVWKDWD
range of tractive force or stream power per unit bed areas can be used to explain 
the same sediment concentration, while unit weight stream power and sediment 
concentration are correlated with each other far more consistently. However, 
<DQJ¶V(2006) argument is critically flawed because in it he compares how well all 
of the tested SDUDPHWHUVFRUUHODWHZLWKVHGLPHQWFRQFHQWUDWLRQZKHQRQO\<DQJ¶V
(1972) unit weight stream power is designed to predict sediment concentration ± 
the others being better associated with unit width sediment transport rate. This 
important difference becomes apparent in the description of the difference between 
unit width and unit weight stream power in Section 6.3.2%DJQROG¶Vstream power 
per unit bed area gives the rate of energy loss from water occurring over a unit bed 
area ZKLOVW<DQJ¶VXQLWZHLJKWVWUHDPSRZHUJLYHVWKHUDWHRIHQHUJ\ORVVZLWKLQD
unit weight of water IORZLQJRYHUDEHG7KHUHIRUHFOHDUO\%DJQROG¶VSDUDPHWHU
should be compared with the rate at which sediment is transported over a given 
area of the EHGRIWKHFKDQQHOXQLWZLGWKWUDQVSRUWUDWHZKLOVW<DQJ¶VSDUDPHWHU
should be associated with the amount of sediment carried within a unit of flowing 
water (sediment concentration). Examining Table 6.2 and Figure 6.4, it is apparent 
that when stream power per unit bed area and unit weight stream power are both 
correlated against their appropriate transport variables, stream power per unit bed 
area has the strongest association. 
Alongside its conceptual attractiveness and empirical efficacy, one final 
major factor that contributes to the appeal of stream power per unit bed area as a 
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parameter for predicting sediment transport is that it is pragmatically convenient in 
its application. Ferguson (2005) describes how stream power per unit bed area can 
be approximately calculated from gross channel properties (width and slope), 
together with the discharge provided by the catchment, without needing to know 
within-channel flow properties such as depth or velocity. Values for discharge, 
width and slope can be derived using nationally available datasets, while depths 
(necessary for the calculation of shear stress) are dependent on local channel 
roughness, which is difficult to parameterise. Section 6.6 explores how each of the 
three parameters needed to represent stream power per unit bed area can be 
derived at the catchment-scale across British rivers. 
 
6.5.2 The problem of supply limitations  
Even after the data filtering process described above (Section 6.3.4), there 
is still a significant proportion of variability within the remaining bed-load 
transport datasets that is not accounted for by flow intensity. Errors in both 
measured bed-load transport rates and calculated stream power per unit bed area 
values mean that, even if a transport dataset is truly transport-limited, the 
association will likely be less than 100%. However, there is no objective basis for 
identifying how far below 100% the correlation can sink before the dataset should 
EH FODVVHG DV QRW EHLQJ µWUDQVSRUW-OLPLWHG¶ %H\RQG WKH DUELWUDULQHVV LQ the 
selection of 0.75 as a discriminant of transport-limited status, it should also be 
noted that, even if variations in the transport rate observed within a study reach 
FRUUHODWHFORVHO\ZLWK WKHYDULDWLRQV LQ WKHIORZ¶VFDSDFLW\ WR WUDQVSRUW WKHVWXG\
reach may still be supply-limited in circumstances where the transport rate is 
actually controlled by the supply of material from upstream, which is itself 
VWURQJO\ DVVRFLDWHG ZLWK WKH GRZQVWUHDP UHDFK¶V WUDQVSRUW FDSDFLW\ Further, 
supply-limitations are not only spatial phenomena. Temporal variations in 
sediment supply have been recognised as common features of coarse material 
transport under both quasi-steady (Hoey, 1992), and variable (Reid et al., 1985) 
flow regimes. Sediment pulses have been linked with a variety of mechanisms, but 
the migration of coherent bed forms is considered by some to be the most 
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prevalent cause. As dunes pass a given point maximum amounts of transport are 
associated with the passage of dune peaks and smaller amounts with that of 
intervening troughs (Leopold and Emmett, 1976). Similarly, low-amplitude, bed-
load sheets formed from the migration of heterogeneous, coarse sediments can also 
produce pulses (Whiting et al., 1988). These temporal variations in sediment 
supply may result in bed-load measurements from a generally transport-limited 
site being supply-limited transport at certain times. 
The only means of completely controlling for the influences of the 
complexities involved in the quantity and calibre of material available for transport 
is to perform experiments under laboratory conditions. But then, within laboratory 
flume experiments, it is difficult to fully replicate the processes occurring in 
natural river channels. Whatever the limitations of the data filtering and 
adjustments made, the relationship displayed in Figure 6.8 is clearly representative 
of transport-limited conditions, since the datasets taken from Gomez (2006) 
known to be completely transport-limited, fall along the derived curve, whilst 
datasets considered to be supply-limited do not (Figure 6.15). 
 
6.5.3 Multiple-phases of coarse material transport 
Section 6.3.5 described how many studies have referred to bed-load 
transport in rivers occurring in multiple phases. These have been summarised and 
schematised by Barry (2007) in his thesis on bed-load transport and are reproduced 
in Figure 6.16. Barry (2007) describes bed-load transport as occurring in up to 
three phases, although by far the most commonly cited are Phases I and II. Based 
on the descriptions of Phase I and II transport given in Section 6.3.5, it is 
considered here that, by using only the fractions of bed-load representative of the 
bed surface material, the sediment transport relation displayed in Figure 6.8 and 
described by Equation 6.23 has effectively ignored what is commonly referred to 
as Phase I transport. This is because the sediment fractions transported within 
Phase I transport are not well represented on the bed surface, but instead are 
sourced from upstream sources, channel margins and slack flow areas. 
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Figure 6.16 Schematic illustration of the phases of bed-load transport possible in 
non-armoured (solid lines) and armoured (dashed lines) channels. Modified from 
Barry (2007). 
 
The transition between Phase I and Phase II transport is thought to be at or 
near the bankfull flow (Jackson and Beschta, 1982; Parker et al., 1982; Andrews, 
1984), but this threshold is often poorly defined (Ryan et al., 2002). In gravel-bed 
streams, the surface particles are large enough that they will not be mobilised until 
moderate to high flows (Wilcock and Kenworthy, 2002). Conversely, in non-
armoured, sand-bed streams the sediment particles will typically be mobilised 
even during low flows (Figure 6.16). As the flow intensity increases under Phase 
II transport conditions, more of the surface grains are entrained and expose more 
of the subsurface material to the flow, providing additional sources of sediment for 
transport (Barry, 2007). The relatively rapid increase in sediment transport rate 
associated with this phase of transport is likely to continue in both armoured and 
non-armoured channels as existing sources of sediment are further accessed and 
new sources of sediment are mobilised with increasing discharge (i.e. sediment 
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sources higher up on the channel banks or from new areas of the channel bed as 
the spatial extent of excess shear stress expands). 
Based on this description of Phase II transport, it is considered here that it 
corresponds to the first phase of transport observed in the bed surface material 
transport relation displayed in Figure 6.8 and described by Equation 6.23 (i.e. the 
bed surface material transport when ߱כ ൏  ? ?? ?). This phase of bed surface 
material transport is limited primarily by the ability of the flow to entrain the bed 
surface particles. During this phase the bed can be considered to be under partial 
transport conditions (Haschenburger and Wilcock, 2003) ± where certain grains on 
the bed surface remain immobile while others are transported. This may either be 
due to the size RIWKHJUDLQVRUWKHQDWXUHRIWKHµSDWFK¶ZKLFKWKH\VLWZLWKLQ$V
flow intensity increases areas of partial transport become larger at the expense of 
LQDFWLYH DUHDV DQG D PRUH GHYHORSHG VWDJH RI µ3KDVH ,,¶ WUDQVSRUW LV UHDFKHG
Gilbert (1914) identified the ability of the flow to entrain the bed surface particles 
as an important control over the rate at which sediment is transported, and termed 
LWWKHµFRPSHWHQFH¶RIWKHIORZ7RDYRLGVHPDQWLFFRQIXVLRQDULVLQJIURPGHILQLQJ
the first phase of the bed surface material transport relationship displayed in Figure 
6.8 as Phase II, this phase of transport iV UHIHUUHG WR KHUH DV WKH µ&RPSHWHQFH
3KDVH¶RIEHGVXUIDFHPDWHULDOWUDQVSRUW 
It is hypothesised here, that the scatter around the function displayed in 
Figure 6.8 is due to the local conditions governing sediment entrainment of bed 
surface material particles. One major influence over the entrainment of sediment 
grains is the armouring of bed surfaces. Therefore the nature of the Competence 
Phase (Phase II) transport relationship is a function of the degree of channel 
armouring as it regulates the supply of surface and subsurface material. Barry 
(2007) described how poorly-armoured channels are expected to have lower-
sloped Competence Phase curves than well-armoured ones (Figure 6.16). In well-
armoured channels, mobilisation of the coarse armour layer is delayed (armour 
break-up occurs at higher flows) relative to a poorly-armoured channel (armour 
break-up occurs at lower flows) and, consequently, is followed by a larger increase 
in bed-load transport rate than would occur in a similar channel with less surface 
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armouring (Barry, 2007). Movement of the armour layer exposes the subsurface 
supply, causing a rapid increase in transport rate and the steep Competence Phase 
transport relationship (Figure 6.16) typical of many gravel-bed streams (Jackson 
and Beschta, 1982). In the case of a non-armoured channel, the onset of 
Competence Phase transport begins at very low flows due to the low flow 
intensities required to mobilise the relatively fine surface sediment.  
Other than the commonly referred to Phase I and Phase II (Competence 
Phase) transport, Barry (2007: 127) also suggested the presence of Phase III 
transport, where he described the decline in the order of the transport power 
IXQFWLRQDWKLJKIORZVDV³DGHFOLQHLQWKHVORSHRIWKHWUDQVSRUWIXQFWLRQ´:KLOVW
this third phase was not observable in the data Barry obtained from Oak Creek 
(2007: Figure 3.4) there was an observable decline in the order of the transport 
relationship within the bed-load data he obtained for the East Fork River (2007: 
Figure 3.4). This third phase is apparent in Figure 6.8, and corresponds to the 
transport function for dimensionless stream power per unit area values equal to or 
greater than 0.25 (߱כ ൒  ? ?? ?). 
Barry (2007) suggests a number of potential causes for this Phase II/III 
transition including: (i) the flow reaching its maximum efficiency and therefore 
transporting sediment at its maximum capacity; (ii) the flow reaching bankfull 
stage, so that additional discharge spreads across the floodplain rather than 
continuing to increase transport rate; and (iii) all available sediment sources 
having already been accessed by the flow, such that further increases in discharge 
do not result in large increases in transport. It is theorised here that the first of 
these explanations is the most likely based on the observations made during this 
study. First, it is known that the transition from Phase II to III transport does not 
occur at bankfull discharge within many of the datasets used to construct Figure 
6.8, most notably because they are flume data. Further, Barry (2007) also describes 
the Phase II/III transition as occurring at 25% of bankfull within his East Fork 
River dataset, negating the influence of out of bank flows. Secondly, it is known 
that some of the datasets used to construct Figure 6.8 have a near infinite supply of 
sediment made available to them, not only in the case of flume studies, but also the 
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datasets identified by Gomez (2006) as lacking any supply limitations (Figure 
6.15). Therefore, the decline in the order of the transport function observed 
initially by Barry (2007), and confirmed in Figure 6.8 cannot be due to either the 
inefficiency of out of bank flows or limitations on the supply of material, but is 
instead likely caused by the flow being limited by its transport capacity ± at a 
given stream power all of the energy available for transporting sediment is being 
XVHG 2Q WKLV EDVLV WKLV ILQDO SKDVH LV UHIHUUHG WR KHUH DV µ&DSDFLW\ 3KDVH¶
transport. It is noted here that the decline in the order of the transport function 
illustrated in Figure 6.8 does not indicate that arithmetic increases in transport rate 
with stream power are declining ± absolute increases in transport rate may still be 
increasing, just at a reduced rate.  
In summary, it is theorised that an increase in stream power within Phase II 
/ competence-limited transport results in an increase in transport rate via an 
increase in the proportion of the bed that can be entrained, and that the transport 
rate is limited by the ability of the flow to entrain all components of the bed rather 
than the maximum transport efficiency of the flow. Theoretically, the Phase II/III 
transition represents the point at which, despite having the competence to entrain 
plenty of new material from the bed, the flow does not have the capacity to 
transport it all because of a limit to the efficiency with which it can use its 
available energy. Within Phase III / capacity-limited transport it is theorised that 
an increase in stream power results in an increase in the transport rate via an 
increase in the capacity of the flow, and that the transport rate is limited by the 
maximum transport efficiency of the flow rather that the ability to entrain any 
particular component of the bed. However, despite the flow operating at its 
maximum transport efficiency during capacity-limited transport any increase in 
stream power still results in a nonlinear increase in transport rate because of the 
increased rate at which energy is made available. 
One reason why Phase III / capacity-limited transport is not commonly 
referred to is that it is relatively rare within natural streams. By the definition 
given above, capacity-limited transport involves the mobilisation of the entire 
stream bed. Therefore, any stream beds experiencing capacity-limited transport on 
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a regular basis would be extremely unstable. Instead, natural stream bed surface 
material is commonly large enough to avoid capacity-limited transport under all 
but the most extreme flows. This is supported by field evidence from the literature: 
during their documentation of partial transport in Carnation Creek in British 
Columbia Haschenburger and Wilcock (2003) found that even a flood with a seven 
year return period had insufficient power to entrain the entire bed. 
An important limitation of the transport relationship illustrated in Figure 
6.8 and described by Equation 6.23 is that it is a bed surface material transport 
relationship. Isolating the bed surface material from the potentially supply limited 
finer fractions did make it easier to define a generally consistent relationship but it 
does mean that the transport relationship derived ignores all material finer than 
that observed on the bed surface and therefore is actually just for bed surface 
material ± not for bed-load or even bed material. Whilst this limitation should be 
taken into account during its application, it should not inhibit the intended function 
of the derived transport relationship ± which is a generally applicable formula that 
provides indicative, not absolute, predictions of sediment transport capacity. 
 
6.6 Parameterising the variables used to calculate reach sediment transport 
capacity  
6.6.1 Introduction 
The remaining objective of this chapter is to describe how the general bed 
surface material load relationship developed here can be applied in British rivers 
so that it can be used within the new reach-based sediment balance approach. The 
four variables necessary to calculate a bed surface material transport rate using 
Equation 6.23 are: discharge, slope, width and bed surface material size. 
Approaches to obtaining values for each of these input variables are identified 
based on the review of data sources and techniques in Chapter Three. 
 
6.6.2 Discharge: estimating the annual flow distribution curve 
It was concluded in Section 3.2.1 that it is preferable to incorporate the 
complete flow distribution into any treatment of river sediment dynamics since 
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single representative flows like the dominant or effective discharge can fail to 
represent the effect that the full range of flows has on sediment transport (Doyle 
and Shields, 2008). Further, it was identified in Section 3.3.5 that the most 
appropriate geomorphological time-scale over which to apply a reach-based 
sediment balance approach iVWKDWUHIHUUHGWRDVµVWHDG\-VWDWH¶WLPH7KLVUHIHUVWR
the temporal scale at which local changes in channel morphology are observable, 
but there are no significant changes to those variables treated as independent 
within this approach (channel slope, width and flow discharge). It is also the 
temporal scale of most interest to contemporary river scientists and practitioners as 
it is identifiable on an anthropogenic level (1-100 years). Therefore, the reach-
based sediment budget, or CSR approach, employed in this thesis is based on the 
annualised quantity of bed surface material load transported by the average annual 
flow distribution.  
%HFDXVH LW ZDV QRW SRVVLEOH WR DSSO\ µ/RZ )ORZV ¶ GXH WR OLFHQVLQJ
restrictions, an alternative approach to representing flow duration curves at 
ungauged sites has been developed for application within a reach-based sediment 
balance approach. 
7KLV DOWHUQDWLYH DSSURDFK LV LQIRUPHG E\ WKH SURFHGXUHV RI µ0LFUR /RZ
)ORZV¶ (Young et al., 2000) /RZ )ORZV ¶V SUHGHFHVVRU DQG XWLOLVHV WKH
readily available data sources described in Section 3.2.1. The modified Low Flows 
approach is based on a simple conceptual water balance model for estimating 
mean annual flow (ܳெ஺ி), and a statistical multivariate model for estimating the 
standardised flow exceeded 95% of the time (ܳଽହ). Based upon these two 
parameters, it is possible to approximate a flow duration curve for any ungauged 
site. The overall estimation procedure is presented schematically in Figure 6.17 
and the individual stages are briefly summarised here. The mean flow at an 
ungauged site is estimated using a simple conceptual water balance model. The 
climatic variables used are derived from digitised versions of the 1:625,000 
Meteorological Office standard period average annual rainfall (SAAR - NERC, 
1975) and the 1:2,000,000 average annual potential evaporation (PE - Grindley, 
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1970) maps. The average annual runoff depth (AARD), in millimetres, is derived 
using a simple water balance given by:  
 ܣܣܴܦ ൌ ܵܣܣܴ െ ሺݎ ȉ ܲܧሻ 
Equation 6.24 
 
where, 
 ݎ ൌ ቄሺ ? ?? ? ? ? ?ȉ ܵܣܣܴሻ ൅  ? ?? ? ?IRUܵܣܣܴ ൏  ? ? ?PP ?IRUܵܣܣܴ ൒  ? ? ?PP  
Equation 6.25 
 
The scalar, ݎ, reflects the impact of soil moisture deficit and associated 
reductions in evaporation rates observed in lower rainfall catchments (Young et 
al., 2000). The mean annual flow at the ungauged site (ܳெ஺ி) is estimated by 
rescaling AARD by the catchment area. 
Previous analysis of British gauged flow records has demonstrated a strong 
relationship between ܳଽହ and the gradient of the FDC (Gustard et al., 1992). 
Young et al. (2000) describe a statistical multivariate regression model which 
derives a standardised ܳଽହ from the hydrological characteristics of soils within 
gauged catchments. Within the UK, the hydrological characteristics of soils are 
represented by the Hydrology Of Soil Types (HOST) classification (Boorman et 
al., 1995) which are grouped by hydrogeological and low flow response similarity 
into 11 Low Flow HOST groups (LFHG) and one additional group, LFHG12, 
representing the areal extent of lakes.  
Based upon the standardised ܳଽହ value identified using the multivariate 
regression model, a standardised flow duration curve is selected from a family of 
type curves. These type curves are illustrated in Figure 6.18 and were derived by 
pooling standardised curves from the study catchments by ܳଽହ class (Young et al., 
2000). However, as the original methodology developed by Young et al. (2000) is 
concerned with deriving flow duration curves specifically for low flow conditions, 
their curves are only described up to the ܳଶ (the flow exceeded 2% of the time). 
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As coarse sediment transport is known to be largely driven by larger, less frequent 
flows (Wolman and Miller, 1960), it was necessary to extrapolate the curves 
described by Young et al. (2000) using polynomial functions so that the FDCs 
incorporate flows up to the ܳ଴ ?଴ଵ (the flow exceeded 0.01% of the time). 
The type curves adjacent to the estimated value of ܳଽହ are identified and a 
standardised FDC that coincides with the predicted value of ܳଽହ is generated by 
linearly interpolating between these curves. The final step in the estimation 
procedure is to re-scale the flow duration curve by the estimated value of mean 
flow. Based on values for catchment area, annual potential evaporation, annual 
rainfall, and HOST groups obtained from the data sources described in Section 
3.2.1, FDCs are derived every 50m along the channel throughout the catchment 
network. 
Young et al. (2000) demonstrated the predictive performance of their mean 
flow and annual ܳଽହ models graphically in their Figure 4. The factorial standard 
error for their mean flow model is 22% which approximates to a 68% confidence 
LQWHUYDOIRU WKHPRGHO¶VSUHGLFWLYHFDSDFLW\RIRIWKHREVHUYHGYDOXHZKLOVW
those for the standardised ܳଽହ model are approximated as 7.4% of the mean flow 
(Young et al., 2000). It is assumed that similar levels of accuracy apply to the 
mean flow and annual ܳଽହ models derived here since they have been developed 
using the same methodology and datasets. 
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Figure 6.17 Procedure for estimating the flow duration curve of an ungauged catchment using a modified Low Flows methodology (modified from 
Young et al., 2000). 
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Figure 6.18 Examples of predicted non-dimensional flow duration curves for catchments of varying geologies. 
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6.6.3 Slope 
Section 3.2.3 evaluated a selection of different sources of elevation data 
and different techniques for calculating slope. Based on this evaluation, and a 
consideration of the needs of the reach-based sediment balance approach described 
in Chapter Four, an overlapping horizontal slice slope calculation method has been 
employed. This technique prevents the µloss¶ of important local changes in slope, 
whilst maintaining a consistent horizontal measurement length, factors which have 
made it popular with other studies (Jain et al., 2006; Barker, 2008). Slope values 
are derived every 50m along the stream line, and overlap across a somewhat 
arbitrarily chosen horizontal slice length of 250m. This slice length is shorter than 
that applied by Barker (2008), as his study was focused on representing general 
trends in downstream stream power and so was less concerned with local 
imbalances in sediment transfer. High horizontal resolution and vertical accuracy 
DEMs such as LiDAR and IfSAR are recommended as elevation data sources 
from which to measure slope. Less accurate elevation data sourced from the OS 
Landform Profile DTM is unsuitable because of elevation µsteps¶ that are artefacts 
left over from their interpolation from contour data.  
 
6.6.4 Width 
Section 3.2.2 identified OS MasterMap river channel polygons as the only 
source of channel width data of sufficient accuracy and coverage for the purposes 
of this study. Alongside the discharge and slope values described above, channel 
widths are measured from OS MasterMap river channel polygons every 50m 
throughout the river network. 
 
6.6.5 Bed surface material size 
Section 3.2.5 identified that there are no datasets available that provide 
reliable representations of bed surface material size with sufficient national 
coverage to be useful to the aims of this thesis. Section 4.5 argued that it was 
reasonable to treat bed surface material size as a dependent variable in the context 
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of a uni-directional, steady-state representation of catchment-scale coarse sediment 
dynamics and concluded, therefore, that bed surface material size must be taken as 
being uniform for all reaches in the fluvial system. However, it is still necessary to 
choose an appropriate bed surface material size to be applied uniformly throughout 
the study catchment. For the purpose of applying the new reach-based sediment 
balance approach, the uniform grain size chosen for each model is the modal bed 
surface material type reported in the RHS database for sites located in the 
modelled catchment. 
Chapters Four, Five and Six have described the details of a new reach-
based sediment balance approach for accounting for coarse sediment dynamics in 
British rivers. The following chapter will introduce the completed approach and 
assess its performance within two test catchments. 
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CHAPTER SEVEN 
 
Chapter Seven: Model assessment ± evaluating the outputs of ST:REAM, a 
reach-based sediment balance approach to accounting for catchment-scale 
sediment dynamics in British Rivers 
 
7.1 Methodology applied in the reach-based sediment balance approach 
Section 4.1 identified the areas of investigation necessary to develop a 
reach-based sediment balance approach that could be applied widely throughout 
British rivers at the catchment-scale. The remainder of Chapter Four, and both 
Chapters Five and Six have focussed on answering the questions raised by Section 
4.1 and Figure 4.1. It is now possible to produce a figure, similar to that in Figure 
4.1, which summarises the answers to the questions raised (Figure 7.1). Based on 
these developments it has been possible to satisfy the first half of the research 
mission set out in Section 1.2: ³WRGHYHORS«DQHZDSSURDFK IRUTXDQWLWDWLYHO\
accounting for catchment-scale sediment d\QDPLFVLQ%ULWLVKULYHUV´. 
7KH QHZ DSSURDFK LV WHUPHG µST:REAM¶ µSediment Transport: Reach 
Equilibrium Assessment MHWKRG¶ $ FRS\ RI WKH ODWHVW ZRUNLQJ YHUVLRQ RI WKH
model (Version 5) is provided in Appendix B, and a simplified schematic 
illustrating the procedures involved in performing a ST:REAM analysis is set out 
in Figure 7.2. The model currently sits within a Microsoft Excel 2003 workbook 
WKDWFRQWDLQVWKUHHZRUNVKHHWVµ0RGHO,QSXW¶µ0RGHO'DWD¶DQGµ0RGHO2XWSXW¶ 
The first, µ0RGHO ,QSXW¶, worksheet contains nine columns where the user 
is invited to input: the branch number, segment number, downstream branch 
number, downstream segment number, segment length, segment ܳெ஺ி, segment ܳଽହ, segment slope and segment width for each of the segments within the 
catchment. For clarity, segments are the units of channel length that the model 
later groups into reaches. Branch numbers are assigned based on increasing 
channel length ± so that the main stem (longest length of channel from the mouth) 
is Branch 1, its longest tributary is Branch 2 and so on. Segment numbers are 
assigned from upstream to downstream. Segment length is user defined but it is 
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recommended that the default value of 50m is applied uniformly. Segment ܳெ஺ி 
and ܳଽହ are identified by the user using the methodology described in Section 
6.6.2. Segment slopes and widths are identified by the user using the 
methodologies described in Section 6.6.3 and 6.6.4 respectively. Before inputting 
the model data the user must also select a bed surface material size that is 
representative of the catchment, and a value of ܴ to define the sensitivity of the 
reach boundary hunting algorithm. The bed surface material size should be based 
on the modal bed surface material class identified from RHSs in the catchment. 
The value of ܴ is user defined but it is recommended that the default value of 0.01 
is applied for the initial run and then adjusted for future model runs based on the 
VFDOHRIWKHXVHU¶VLQYHVWLJDWLRQ  
2QFH DOO RI WKHVH YDOXHV KDYH EHHQ HQWHUHG WKH XVHU SUHVVHV WKH µ,QSXW
0RGHO'DWD¶EXWWRQZKLFKVWDUWVDVHULHVRI9LVXDO%DVLFPRGXOHVWKDWGLYLGHHDFK
branch into a series of functional reaches on the basis of predicted sediment 
transport capacity. For each segment of each branch in the catchment the predicted 
bed surface material transport capacity at the mean annual flow (ܳெ஺ி) is 
calculated using the sediment transport function derived in Chapter Six. Then the 
zonation algorithm described in Chapter Five is used to divide each branch into 
reaches with relatively homogenous sediment transport capacity values. Once the 
reach boundaries have been identified, the ܳெ஺ி, ܳଽହ, slope and width values from 
segments across each reach are averaged to define the appropriate values for each 
reach. The segment and reach values for each branch can be viewed by the user in 
WKHVHFRQGµ0RGHO'DWD¶ZRUNVKHHW 
Once the user has examined all of the reach-based data for the model an 
optional step is to identify reaches that have entirely unerodible boundaries (e.g. 
FXOYHUWHG7KLV LV GRQHRQ WKH WKLUG µ0RGHO2XWSXW¶ZRUNVKHet. When this has 
EHHQFRPSOHWHGWKHXVHUFOLFNVRQWKHµ5XQ0RGHO¶EXWWRQZKLFKEHJLQVDVHFRQG
series of Visual Basic modules that calculate the integrated annual bed surface 
material transport capacity for each reach on each branch of the catchment. First, 
the averaged annual flow duration curve for each reach is calculated using the 
UHDFK¶Vܳெ஺ி and ܳଽହ values and the methodology described in 6.6.2. Then the 
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submerged weight of material transported in each flow class of the flow duration 
curve for each reach is calculated using the bed surface material transport capacity 
derived in Chapter Six. From these values, the total annual bed surface material 
transport capacity is calculated for each reach. For reaches where the channel 
boundaries have been identified as non-erodible the total annual bed surface 
material transport capacity is limited by a maximum value equal to the capacity of 
its upstream neighbour(s) / its supply. Finally, the capacity supply ratio for each 
reach is calculated by dividing the annual transport capacity of the reach by the 
annual transport capacity of its upstream neighbour(s). Data and graphs of the 
supply, capacity and balance for each reach of each branch can be viewed on the 
WKLUGµ0RGHO 2XWSXW¶ZRUNVKHHW 
 To complete the second half of the research mission it is necessary to 
establish that ST:REAM is a practical, but scientifically robust means of 
accounting for catchment-scale sediment dynamics in British rivers. This is the 
research challenge addressed in this chapter. 
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Figure 7.1 Framework for the ST:REAM reach sediment budgeting approach. 
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Figure 7.2 Schematic of procedures behind application of ST:REAM. 
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7.2 Model assessment versus model validation 
The inherent uncertainties of models have been widely recognised, and it is now 
FRPPRQO\DFNQRZOHGJHGWKDWWKHWHUPµYDOLGDWLRQ¶LVDQXQIRUWXQDWHRQHEHFDXVH
its root ± valid ± implies a legitimacy that we may not be justified in asserting. 
(Oreskes and Belitz, 2001: 21) 
 
Two terms that are often (incorrectly) used interchangeably in numerical 
PRGHOOLQJ VWXGLHV DUH µYDOLGDWLRQ¶ DQG µYHULILFDWLRQ¶ 9HULILFDWLRQ LV RIWHQ XVHG
when testing that a piece of computer code is accurately solving model equations. 
Validation generally involves demonstrating that a model is a satisfactory 
representation of reality. However, as noted by Oreskes and Belitz (2001) in the 
opening quote, use of the term validation is misleading as it implies that a 
validated model, has legitimacy: that is it accurately represents reality, and, 
therefore, provides a valid basis for decision making. 
Lane and Richards (2001) argued that it is philosophically impossible to 
µYDOLGDWH¶DWKHRUHWLFDOPRGHODVQRDPRXQWRIHPSLULFDOWHVWLQJFDQHYHUFRYHUDOO
possible situations in time and space, and thus guarantee that the model will 
perform adequately outside the range of observed conditions or events. This is 
consistent with the Popperian view that models can never be proven, but only 
falsified, but Lane and Richards (2001) also raised issues concerning the practical 
utility of model falsification. These issues stem from the level of complexity in 
models of environmental systems, which is sufficiently high that falsification can 
be considered as:  
i. inevitable, given not just the complexity of the real world that is being 
modelled, but also indeterminacy in many of its processes and the 
equifinality of many of its outcomes (Beven, 2002);  
ii. dependent upon what criteria are set as necessary for falsification; or, 
iii. of no real use unless it can inform the modeller of exactly why the model is 
failing. 
Recognising the difficulties with validation and falsification, Lane and 
Richards (2001) attempted to identify better processes and terminologies with 
which models could be tested for success in order to ensure that they are used 
  
285 
appropriately and improved progressively during practical applications. They 
FRQFOXGH WKDW µYDOLGDWLRQ¶ ZKLFK LPSOLHV SHUIHFWLRQ WUXWK DQG ILQDOLW\ LV
inappropriate and a broader term ± µDVVHVVPHQW¶LVQHFHVVDU\EHFDXVHLWLVULFKHULQ
FRQWHQW DQG LPSOLHV DQ RQJRLQJ SURFHVV 7KH XVH RI µDVVHVVPHQW¶ ZKHQ
investigating model performance is also useful because it indicates that the success 
of a model depends to DGHJUHHRQWKHSHUVSHFWLYHRIWKHµDVVHVVRU¶ For example, 
GLIIHUHQW µDVVHVVRUV¶ PD\ KDYH GLYHUJHQW YLHZV FRQFHUQLQJ ZKDW FRQVWLWXWHV DQ
acceptable success criterion. Further, the impossibility of either complete 
validation and falsification means that observational evidence alone is not 
sufficient to quantify model success. Variability between observations and 
predictions will always remain a significant part of the scientific research process. 
Therefore, progress comes not from determining the predictive success of a model, 
but more from understanding how and why a model fails. As a result, model 
assessment is a heuristic, evolutionary process concerned with establishing the 
domains of predictive success, and extending those domains through model 
development (Oreskes et al., 1994). Model prediction failures can increase both 
methodological and substantive understanding: they can play a methodological 
role in improving model performance; and a substantive role in identifying the 
components of the model (and perhaps of the natural world) that influence outputs. 
This more relaxed concept of model assessment may challenge the 
conventional, positivist approach to validation, but aspects of positivism may still 
be usefully incorporated into the approach. The use of independent observations is 
useful in ensuring that critical questions are asked of models. Inevitable 
divergences between model results and expected or observed values provoke 
consideration of their causes. This should lead to improvements in either: the 
PRGHO¶V WKHRUHWLFDO EDVLV WKH PDWKHPDWLFDO UHSUHVHQWDWLRQ RI WKH WKHRU\ WKH
numerical coding; or the parameterisation of model inputs. The only other 
alternatives, which have already been identified above as theoretically 
unlikely/impossible are the complete rejection of the model (model falsification) 
and the complete satisfaction with the model (model validation). The nature of this 
heuristic assessment process is illustrated in Figure 7.3. 
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Figure 7.3 Conceptual representation of the model assessment process. Model validation 
and falsification have been intentionally faded to represent their improbability of 
occurrence. 
 
The remainder of this chapter is informed by the philosophical issues 
discussed above, and in more detail by Lane and Richards (2001) and others, in its 
DWWHPSW WR PHDVXUH WKH µVXFFHVV¶ RI 675($0 DV D PRGHOOLQJ WRRO 7KHUHIRUH
rather than adopting a strict, positivist approach which attempts to either validate 
or falsify ST:REAM, the assessment below attempts to: 
i. gauge how well the model represents observations made of the reach-scale 
sediment status and,  
ii. identify areas of potential improvement for the model and features of 
theoretical significance based on how and where the model outputs deviate 
from observations.  
It is envisioned, therefore, that this assessment processes will emphasise 
the heuristic, as well as the predictive, value of ST:REAM as a modelling tool 
(Clifford et al., 2005). 
The remainder of this chapter first introduces two British river catchments 
that will be used as test cases: the River Taff in South Wales; and the Afon Einon 
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in mid-Wales. These catchments are described in terms of their general 
environment and physiography, as well as the coarse sediment status of reaches 
observed through field and desk-based reconnaissance of their drainage networks. 
ST:REAM is applied to each of these catchments and the outputs are compared 
against the observed coarse sediment statuses. Both catchments are also used to 
explore the impacts that utilising variable bed surface material sizes and selecting 
alternative reach-scales have on the outputs from ST:REAM. 
 
7.3 Description of test catchments 
The two catchments used to develop and assess ST:REAM were selected 
primarily on the availability of data describing parameters of interest within the 
catchment. The justification for this is that river catchments with the maximum 
extent of data coverage possible enable a broader range of testing ± models can be 
assessed using both the fullest data coverage possible and the typical data coverage 
within the same physical system.  
The River Taff in South Wales has a high and consistent concentration of 
RHS sites relative to British river catchments in general (Figure 3.8B). At the 
outset of this study the RHS had been identified as a potentially useful data source 
for parameterising catchment-scale models of sediment dynamics, although 
subsequent examination in Chapter Three demonstrated otherwise. Further, the 
Environment Agency provided this study with LiDAR data covering the entire 
River Taff. The provision of this broad an extent of LiDAR data is relatively rare 
for academic studies and therefore the River Taff made an ideal test catchment for 
ST:REAM. 
The Afon Einon in mid-Wales was the subject of a FRMRC funded Ph.D. 
examining the response of catchment sediment dynamics to agricultural land-use 
change (Henshaw, 2009). As part of the Ph.D. research, the morphology, 
sedimentology, hydrology and sediment dynamics of the Afon Einon catchment 
were studied over a 4-year period. As a result of the collaborative research scheme 
within the FRMRC, both the data gathered and the expert judgement of the 
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researcher were made available to this study, making the Afon Einon an ideal test 
catchment. 
A secondary justification for selecting the River Taff and the Afon Einon is 
that, whilst they cannot be representative of all British river catchments, they are 
not atypical of British rivers in general. They are exemplars of a common type of 
British river ± steep, gravel-bedded rivers punctuated by bedrock. Understanding 
sediment dynamics within this type of river is particularly important due to their 
relatively dynamic nature resulting from their high stream powers.  
 
7.3.1 River Taff catchment, South Wales 
The main stem of the River Taff rises in the Brecon Beacons south-west of 
Pen-Y-Fan as the Taf Fawr (Big Taff) and flows more than 60km south to enter 
the Severn Estuary at Cardiff (Figure 7.4). Several major tributaries join the river 
along its course through the South Wales coal field. In downstream order, these 
are the: Taff Fechan (Little Taff), Taff Bargoed, Cynon, Nant Glydach, and 
Rhondda (Figure 7.4). The Taff system drains a catchment of approximately 
500km2. Annual rainfall ranges from 2400mm in the headwaters in the Brecon 
Beacons to 950mm at Cardiff. The Taff is characteristic of steep Welsh rivers, 
dropping an average of 11m per kilometre, from ~600m AOD at its source to ~0m 
AOD where it joins the Severn Estuary. Channels throughout the catchment are 
dominantly cobble-bedded, although reported bed surface materials range in size 
from coarse gravels to boulders. 
Historically, the Taff was one of the most polluted rivers in Wales due to 
contamination by the coal mining industry, but it in the post-industrial era it now 
has a thriving population of salmonids (EA, 2009). Much work has already been 
carried out to improve water quality and passage for migratory fish. This has 
benefited both wildlife and the Welsh economy. The River Taff at Merthyr Tydfil 
has undergone a transformation over the last twenty years and was recently chosen 
as the location for the Rivers International Fly Fishing Championship (EA, 2009). 
To assess the outputs of ST:REAM when applied to the Taff catchment, an 
attempt was made to identify the current coarse sediment status of channels 
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distributed throughout the drainage network. This was achieved using a 
combination of field- and desk-based stream reconnaissance. The field-based 
element of the reconnaissance involved two fluvial geomorphologists (the author 
DQG3URIHVVRU&OLIIRUGPDNLQJREVHUYDWLRQVRIWKHFKDQQHO¶VPRUSKRORJLFDOVWDWXV
along five of the seven network branches in the catchment.  
2EVHUYDWLRQVPDGHRIWKHFKDQQHO¶VPRUSKRORJLFDOVWDWXVZHUHJXLGHGE\D
standardised fluvial geomorphological reconnaissance procedure. Stream 
reconnaissance sheets are commonly used to record observations and 
measurements of the physical form of the channel, its riparian corridor, and 
(occasionally) its floodplain. A wide range of pro-forma stream reconnaissance 
sheets have been developed by different parties for slightly differing purposes. The 
format of some sheets places particular emphasis on the physical biotopes and 
functional habitats or a river, whilst others focus on the condition of the banks, or 
the risks posed by channel instability at bridges and other in-stream structures. 
None of the pre-existing sheets were explicitly applied here, but instead a list of 
indicators of channel stability status were used to identify the morphological status 
of the channel at observed locations. This list was taken from the Guidebook of 
Applied Fluvial Geomorphology (Thorne et al., 2010) and is reproduced in Table 
7.1. However, despite attempting to standardise judgements of channel 
morphological status using indicators from this list, it is recognised that any 
assessment of channel condition is influenced by its state relative to the rest of the 
catchment. This is the case because the observed erosional, stable or depositional 
status of a reach is generally perceived in relative, rather than absolute, terms. 
Reaches that cannot be differentiated when considered in isolation may be 
designated differently dependent on the catchment context, in general, and 
comparisons to adjacent reaches, in particular. For example, a reach that appears 
marginally depositional in the context of an upland, headwater catchment 
dominated by erosion could be designated as slightly erosional if it were observed 
in the context of a lowland catchment dominated by depositional processes and 
forms. 
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Figure 7.4 Location map of the River Taff catchment in South Wales 
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Selection of sites for detailed observation during the catchment 
reconnaissance, was based around the reaches identified and applied using the 
ST:REAM reach delineation process. Within the branches reconnoitred, at least 
one observation was made in each of the reaches identified by the functional reach 
boundary hunting algorithm (Figure 7.5). This sampling design clearly has 
implications regarding which aspects of the ST:REAM approach these 
observations can be used to assess. As the observations are spatially organised 
DFFRUGLQJWRWKHPRGHO¶VUHDFKERXQGDULHVWKH\DUHEDVHGRQWKHDVVXPSWLRQWKDW
those boundaries are appropriate. The limitation that this imposes upon a rigorous 
assessment of the entire ST:REAM approach must be appreciated when the 
findings are considered.  
Field-based observations were supported by a desk-based study using 
Google aerial imagery (Google, 2009). This imagery was used to complete the 
channel reconnaissance by making observations of channel status in locations 
where field-based observations were not possible. ThH UHVXOWDQW µREVHUYHG¶
channel sediment status of reaches within the Taff catchment is displayed in 
Figure 7.6.  
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Table 7.1 Indicators of channel stability status. Taken from Thorne et al. (2010) 
Category Upland (source) Middle (transfer) Lower (sink) 
 
   
Evidence of 
incision 
Perched boulder berms Terraces Old channels in floodplain 
Old channels in floodplain Old channels in floodplain Undermined structures 
Old slope failures Undermined structures Narrow/deep channel 
Undermined structures Exposed tree roots Exposed tree roots 
Exposed tree roots Tree collapse (both banks) Tree collapse (both banks) 
Narrow/deep channel Trees leaning towards channel (both banks) Trees leaning towards channel (both banks) 
Bank failures (both banks) Downed trees in channel Bank failures (both banks) 
Armoured/compacted bed Bank failures (both banks) Compacted bed sediments 
Thick gravel exposure in the banks overlain by 
fines 
Thick gravel exposure in the banks overlain by 
fines 
Thick gravel exposure in the banks overlain by 
fines 
 Armoured/compacted bed  
 
   
Evidence of 
stability 
Vegetated bars and banks Vegetated bars and banks Vegetated bars and banks 
Compacted, weed covered bed Compacted, weed covered bed Compacted, weed covered bed 
Bank erosion rare Bank erosion rare Bank erosion rare 
Old structures in position Old structures in position Old structures in position 
No evidence of change from historic maps No evidence of change from historic maps No evidence of change from historic maps 
Well established trees on banks Well established trees on banks Well established trees on banks 
Little large woody debris Little large woody debris Little large woody debris 
 
   
Evidence of 
aggradation 
Buried structures Buried structures Buried structures 
Buried soils Buried soils Buried soils 
0DQ\XQFRPSDFWHGµRYHUORRVH¶EDUV Large, uncompacted bars /DUJHXQFRPSDFWHGµRYHUORRVH¶EDUV 
Eroding banks at shallows Eroding banks at shallows Eroding banks at shallows 
Contracting bridge openings Contracting bridge openings Contracting bridge openings 
Deep, fine sediment overlying coarse particles 
in bed/banks 
Deep, fine sediment overlying coarse particles 
in bed/banks 
Deep, fine sediment overlying coarse particles 
in bed/banks 
Many unvegetated bars Many unvegetated bars Many unvegetated bars 
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Figure 7.5 Location of field-based channel observations made throughout the River Taff 
catchment in relation to automatically identified functional reach boundaries. 
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Figure 7.6 Observed channel sediment status for automatically identified functional 
reaches within the River Taff catchment based on field- and desk-based reconnaissance. 
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7.3.2 Afon Einon catchment, mid-Wales 
The Afon Einion is a small, gravel-bed stream (total drainage area = 18 
km2) that converges with the Afon Banwy near the village of Llanfair Caereinon in 
Powys (Figure 7.7). It is dominated by three tributaries: the Nant Pen-y-cwm 
(which is treated here as the main stem); the Nant Gelli-Gethin; and the Nant 
Melin-y-grûg. The physiographic and climatic characteristics of the catchment are 
typical of mid-Wales (Henshaw, 2009). The catchment ranges in elevation from 
~424m AOD near the source of the Nant Melin-y-grûg tributary to ~128m AOD at 
its confluence with the Afon Banwy, and is characterised topographically by 
gently undulating hills, with steeper slopes where rock outcrops are present. 
Average annual precipitation in the catchment is 1501mm with a mild, maritime 
climate (Henshaw, 2009).  
Economic, political, social and environmental drivers have heavily 
influenced landuse and land management practices in the Afon Einon catchment 
over the last century (Henshaw, 2009). Agriculture shifted from small, mixed 
purpose farming to intensive livestock grazing following World War II in response 
to policies designed to increase British food production and fields expanded as 
hedgerows were removed during grassland improvement works. Local stocking 
levels and the average weight of individual sheep increased dramatically as a result 
of the grassland improvement. Importantly, these changes were not implemented 
uniformly throughout the Afon Einon catchment. Widespread grassland 
improvement was undertaken in areas drained by the Nant Pen-y-cwm (the main 
stem of the Afon Einon) and the Nant Gelli-Gethin tributary, but agricultural 
development was far more limited in the upper reaches of the Nant Melin-y-grûg 
tributary (Henshaw, 2009).  
This contrast in land management practices between adjacent sub-
catchments enabled the Afon Einon catchment to be used within a Flood Risk 
Management Research Consortium (FRMRC) project that aimed to identify the 
impact of agricultural land management on catchment hydrology (Lee et al., 2006) 
and sediment dynamics (Henshaw, 2009). The in-depth knowledge of the sediment 
systems within the Afon Einon gained during this project (Alex Henshaw, 
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University of Nottingham, personal communication, 2009) was used to define the 
µREVHUYHG¶VHGLPHQWVWDWXVRIFKDQQHOVin the catchment against which the outputs 
from ST:REAM were then assessed. Again, whilst a formal, standardised 
reconnaissance procedure was not used to make these observations, the observed 
sediment statuses of the channel were informed by the indicators described in 
Table 7.1. 
Unlike the observations made of the River Taff catchment in Section 7.3.1, 
the reach boundaries for the Afon Einon catchment observations were defined 
independently from the modelling process and were instead based on Dr 
+HQVKDZ¶V GHWDLOHG NQRZOHGJH RI VHGLPHQW G\QDPLFV DQG PRUSKRORJLFDO
adjustments in the fluvial system, gained during 3-years of doctoral research 
centred on this small catchment (Alex Henshaw, University of Nottingham, 
personal communication, 2009). However, the boundaries are still based on the 
LGHQWLILFDWLRQ RI LQWHUQDOO\ KRPRJHQRXV DQG FRPSDUDWLYHO\ GLVWLQFW µIXQFWLRQDO¶
reaches within the channel network. The key difference is that for the Afon Einon, 
these functional boundaries have been identified based on independent 
observations of the catchment; whilst for the River Taff the functional boundaries 
ZHUHDXWRPDWLFDOO\LGHQWLILHGXVLQJ675($0¶VERXQGDU\KXQWLQJDOJRULWKP7KH
UHVXOWDQWµREVHUYHG¶VHGLPHQWVWDWXVRIUHDFKHVZLWKLQWKH$IRQ(LQRQFDWFKPHQWLV
displayed in Figure 7.8. 
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Figure 7.7 Location map of the Afon Einon catchment in mid-Wales. 
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Figure 7.8 Observed channel sediment status for observationally identified functional reaches within the Afon Einon catchment based on expert 
knowledge of the system. 
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7.4 Model assessment 
7.4.1 Model assessment against observations for test catchments 
Figure 7.9 provides an illustration of outputs from ST:REAM based on 
application to the Taff catchment assuming a uniform bed surface material size of 
0.1m (cobble), with functional reach boundaries that explain 1% of the total 
variation in predicted QMAF bed surface material transport capacity. It should be 
noted that the most upstream reach in each branch cannot be assigned a capacity 
supply ratio because it has no upstream neighbour from which to provide the 
µVXSSO\¶ Comparison with the observed reach sediment statuses displayed in 
Figure 7.6 reveals many similarities. For example, towards the upper reaches of 
the Taff main stem, ST:REAM identifies three reaches with CSRs (capacity supply 
ratios) of less than 0.1 separated by reaches with CSRs greater than 10 (points A1, 
A2 and A3 on Figure 7.9). Based on the catchment reconnaissance, these were 
found to correspond to three large reservoirs (e.g. Figure 7.10A) and the severely 
sediment-starved reaches between them (e.g. Figure 7.10B), respectively. Other 
examples of reaches where the CSR predicted by ST:REAM correlates closely 
with the observed sediment status include the two, long adjacent reaches on the 
River Cynon tributary branch (Figure 7.4) with predicted CSRs of less than 0.1 
(points B1, and B2 on Figure 7.9), followed by a reach just upstream of the 
confluence with the Taff main stem, with a modelled CSR greater than 10 (point C 
on Figure 7.9). In the field, these reaches were found to correspond to two 
predominantly depositional reaches (e.g. Figure 7.10C and Figure 7.10D), 
followed by a predominantly erosional reach (e.g. Figure 7.10E). A final example 
of reaches where the outputs from ST:REAM are consistent with the field 
observations is the lower stretch of the Taff, downstream of its confluence with the 
Rhonnda tributary (Figure 7.4). Here, the observed status of both reaches in this 
stretch of river was depositional (e.g. Figure 7.10F), which supports the modelled 
CSRs of below unity (points D1 and D2 on Figure 7.9). 
However, despite the good overall association between the observed status 
of the reaches and the modelled CSRs, some reaches are obviously dissimilar. For 
example, just after the third reservoir on the main stem of the Taff, there is a very 
  
300 
short reach with a modelled CSR greater than 10 (point E on Figure 7.9), that is 
followed by a long reach with a modelled CSR less than 0.1 (point F on Figure 
7.9). However, in the field, this second reach was observed to be predominantly 
erosional (e.g. Figure 7.10G and Figure 7.10H). The cause of this 
misrepresentation was identified as originating from conditions in a short reach 
directly downstream of the reservoir. This reach has an extremely high transport 
capacity and so was modelled as delivering an extremely high supply to its 
downstream neighbour. As a result, its downstream neighbour was predicted to 
have a CSR less than 0.1. Actually, the short reach directly downstream of the 
reservoir is the concrete-lined tail race for reservoir outflow (Figure 7.10I), which 
clearly does not produce the high sediment output predicted by ST:REAM due to 
its non-erodible channel boundaries. Consequently, the supply to its downstream 
neighbour is considerably lower than was modelled by ST:REAM, explaining the 
misrepresentation of the downstream CSR. 
A similar situation was identified approximately halfway along the main 
stem of the Taff, in the reach just downstream of the confluence with the Bargoed 
Taf tributary (Figure 7.4). Here, ST:REAM predicted a CSR of less than 0.1 (point 
G on Figure 7.9), yet observations of the channel suggest that the reach is 
predominantly erosional (e.g. Figure 7.10J). In this case, the cause of the 
misrepresentation of reach CSR was identified as being conditions in the final 
reach of the Bargoed Taf tributary (point H on Figure 7.9). This has an extremely 
high transport capacity, so that ST:REAM predicted an extremely high sediment 
supply to the main stem reach immediately downstream of the confluence. As in 
the example above, while the final reach of the Bargoed Taf tributary has a high 
potential to transport coarse sediment, it is unable to satisfy its capacity, because it 
is confined within a concrete channel downstream of a reservoir (Figure 7.10K). 
In light of these findings, the ST:REAM model for the Taff catchment was 
modified so that all reaches identified in the field and desk-surveys as having 
completely non-erodible boundaries (i.e. concrete-lined channels) were 
represented as such within the model. This was achieved by limiting the maximum 
output of such a reach to the input that it receives from its upstream neighbours. 
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Revised outputs from this modified model of the Taff catchment are displayed in 
Figure 7.11. The CSRs predicted by ST:REAM when the non-erodible reaches are 
accounted for (Figure 7.11) more closely represent the observed sediment status of 
the reaches (Figure 7.6) than the CSRs when the concreted reaches are 
unaccounted for (Figure 7.9). It should be noted that the most upstream reach of 
the Rhondda branch (point A on Figure 7.11) has been identified as having a non-
erodible boundary and therefore no supply was predicted for the second most 
upstream reach of that branch (point B on Figure 7.11). As a result, the second 
most upstream reach of the Rhondda branch was not allocated a capacity supply 
ratio. 
Figure 7.12 provides an illustration of outputs from application of 
ST:REAM to the Afon Einon catchment assuming a consistent bed surface 
material size of 0.1m (cobble), with functional reach boundaries explaining 1% of 
the total variation in predicted QMAF bed surface material transport capacity. The 
smaller size of this catchment reduces the number of reaches identified by 
ST:REAM at the 1% zonation level compared to the Taff catchment. In fact, the 
Nant Gelli-Gethin and Nant Melin-y-grûg tributaries (Figure 7.7) have both been 
designated as single reaches (points A and B on Figure 7.12 respectively). As 
identified earlier, unlike the observed reach statuses for the Taff catchment, the 
observed status of reaches within the Afon Einon catchment in Figure 7.8 were not 
constrained by the reach boundaries identified by ST:REAM. Therefore, it is more 
difficult to make direct comparisons between the observed and modelled reach 
status. Nevertheless, all of the reach CSRs predicted by ST:REAM in Figure 7.12 
seem appropriate when compared to the channel statuses designated in Figure 7.8. 
Further, research experience with this river system confirms that, at a broad-scale 
(ܴ = 0.01), the Afon Einon could indeed be divided into three reaches with the 
sediment statuses as predicted by ST:REAM in Figure 7.12 (Alex Henshaw, 
University of Nottingham, personal communication, 2009). 
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Figure 7.9 ST:REAM predicted capacity supply ratios for the River Taff catchment, South 
Wales. All cobble bed surface material, 1% zonation reach boundaries. 
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Figure 7.10 Observations of channel sediment status within the River Taff catchment, 
South Wales. (A) Brecon Reservoir, River Taff main stem; (B) Predominantly erosional 
reach downstream of the Brecon Reservoir, River Taff main stem; (C) Predominantly 
depositional reach on the River Cynon, taken from Google (Google, 2009); (D) 
Predominantly depositional reach on the River Cynon; (E) Predominantly erosional reach 
on the River Cynon, just before the confluence with the River Taff; (F) Predominantly 
depositional reach on a downstream reach of the River Taff. 
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 Figure 7.10 Observations of channel sediment status within the River Taff catchment, 
South Wales. (G) Predominantly erosional reach on the River Taff, downstream of the 
Llwynon Reservoir; (H) Predominantly erosional reach on the River Taff, downstream of 
the Llwynon Reservoir, taken from Google (Google, 2009); (I) Steep concreted run-off 
from the Llwynon Reservoir on the River Taff; (J) Predominantly erosional reach on the 
River Taff, downstream of the confluence with the Bargoed Taf; (K) Steep concreted run-
off from the Reservoir on the Bargoed Taf, just upstream of the confluence with the River 
Taff, taken from Google (Google, 2009). 
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Figure 7.11 ST:REAM predicted capacity supply ratios for the River Taff catchment, 
South Wales. Cobble bed surface material with supply-limited concreted sections, 1% 
zonation reach boundaries. 
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Figure 7.12 ST:REAM predicted capacity supply ratios for the Afon Einon catchment, mid-Wales. All cobble bed surface material, 1% zonation 
reach boundaries. 
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7.4.2 Assessing the influence of bed surface material variability on ST:REAM 
outputs 
Section 4.5 suggested that, if bed material size is considered as a 
dependent, rather than an independent factor within catchment-scale sediment 
dynamics, then it is unnecessary to input detailed information on bed material 
sediment size when running the ST:REAM model. In fact, relatively good 
coverage of bed material data are available for both test catchments. The Taff 
catchment has a relatively dense coverage of RHS sites (Figure 3.8B), each with a 
record of the dominant bed material type present at the ten spot checks; and the 
main stem of the Afon Einon has undergone an intensive bed material 
measurement survey, including ~50 Wolman pebble counts over ~8km (Henshaw, 
2009). The relatively dense coverage of bed material size data makes it possible to 
identify the impact of assumed bed material size uniformity on the outputs from 
ST:REAM in both catchments. 
Two different means of accounting for variations in bed material size 
within a reach-based sediment balance model were introduced in Section 4.5. The 
first (static) approach involves treating each reach in isolation in terms of its 
sediment type so that the capacity of a reach to transport its own bed material size 
is compared against the supply of material from upstream reaches which are 
transporting their own bed material size. This is similar to the approach adopted in 
the REAS method (see Section 3.3.5), where a reach energy budget is calculated 
by comparing the Annual Geomorphic Energy (AGE) for a reach (using its own 
bed material to define the critical power for entrainment) against the AGE value 
IRU LWV XSVWUHDPQHLJKERXU XVLQJ WKHXSVWUHDPQHLJKERXU¶V own bed material to 
define its critical power).  
The second (dynamic) means of accounting for variations in bed material 
size within a reach-based sediment balance model is to allow sediment fractions to 
pass through the catchment network preferentially based on their size. This means 
that a reach can transport a sediment fraction from an upstream reach if it is easier 
to transport (smaller) than the material on its bed. As a result, the sediment balance 
for a reach is calculated based on the combined mass of all fractions entering the 
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reach compared with the combined mass of all fractions leaving the reach. This 
type of treatment of bed material variation is similar to that applied by SIAM (see 
Section 3.3.5). 
Alternative versions of ST:REAM were thus developed, each applying one 
of these approaches to accounting for changes in bed material size between 
reaches. They are defined as Version A (where bed material sizes are isolated 
within their original reaches - static), and Version B (when bed material sizes can 
be routed through the catchment network - dynamic). They were each applied to 
both the Afon Einon catchment, with the bed material sizes for each reach based 
upon measured data, and the River Taff catchment, with bed material sizes for 
each reach inferred from RHS classifications. The outputs of these bed material 
sensitive applications of ST:REAM for the Afon Einon and River Taff catchments 
are displayed in Figure 7.13 and Figure 7.14, respectively. 
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Figure 7.13 ST:REAM predicted capacity supply ratios for the Afon Einon catchment, 
mid-Wales using measured bed material sizes. 1% zonation reach boundaries. (A) Static - 
No routing of sediment fraction. (B) Dynamic - Routing of sediment fractions. 
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Figure 7.14 ST:REAM predicted capacity supply ratios for the River Taff catchment, 
South Wales using RHS bed material sizes. 1% zonation reach boundaries. (A) Static - No 
routing of sediment fraction. 
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Figure 7.14 ST:REAM predicted capacity supply ratios for the River Taff catchment, 
South Wales using RHS bed material sizes. 1% zonation reach boundaries. (B) Dynamic - 
Routing of sediment fractions 
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In the case of the outputs for the Afon Einon catchment, the predicted 
reach CSRs displayed in Figure 7.13B differ both from those based on the uniform 
sediment assumption in Figure 7.12 and from each other. Exploring the causes of 
these differences helps to understand the influence of the different means of 
accounting for bed material sizes within ST:REAM. For example, the second 
reach on the main stem of the Afon Einon is predicted as having a CSR of greater 
than 10 in the original model (point C on Figure 7.12), whilst version A of the 
model (comparing the capacity of reaches to transport just their own bed material) 
predicts a CSR less than 0.1 (Figure 7.13A). The reason for this is that, whilst the 
stream power of the second reach on the main stem is greater than its upstream 
neighbour, its measured bed material is much larger (D50 of 0.05m versus 
0.0024m). Therefore, according to Version A (static), the higher energy second 
reach on the main stem can transport far less of its own coarser bed material than 
the quantity of the finer material that the lower energy upstream neighbour can 
transport and supply to it. When the same reach is considered using the outputs of 
Version B (dynamic), the predicted CSR is found to be approximately 1 (Figure 
7.13B). This is because, despite the reach in question having more stream power 
than its upstream neighbour, the total mass of the larger sediment fraction that it 
can then entrain from its own bed is insignificant. The reach is balanced because 
the mass of fine sediment transported into the reach from upstream can be 
transferred downstream without net deposition. In fact, in Figure 7.13B, the 
dominating impact of the large mass of fine sediment entrained from the first reach 
can be seen to influence not just the adjacent reach, but all of the reaches 
downstream. 
Similar effects are apparent in the outputs for the Taff catchment displayed 
in Figure 7.14A and Figure 7.14B. On initial examination, Figure 7.14A appears 
similar to the original ST:REAM outputs in Figure 7.11. However, this is largely 
due to the fact that the majority of RHS sites within the Taff catchment have 
cobble as their modal bed material type, and cobble is the bed material applied 
uniformly in the model used to produce Figure 7.11. Closer examination of the 
differences between Figure 7.11 and Figure 7.14A reveals issues similar to those 
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identified in the Afon Einon when using the static approach to representing bed 
material variability. For example, the reach on the Rhondda that is just upstream of 
the confluence with the Rhondda Fach has a CSR of less than 0.1 according to 
Version A, while it has a CSR greater than 10 in the original version of ST:REAM 
(point C on Figure 7.11). The reason for this is that this reach is defined by RHS 
indicators as having a boulder-bed so that, even though it has greater stream power 
than its upstream neighbour, based on its larger sediment size its transport capacity 
is far smaller than its incoming supply. A similar effect is produced on the reach 
on the main stem of the Taff just downstream of the confluence with the Bargoed 
Taf, which is identified in the RHS as having a boulder-bed, while its upstream 
neighbour is defined as having a cobble-bed (point D on Figure 7.11). Therefore, 
despite the reach in question having greater stream power, it is modelled as being 
able to transport less of its boulder bed material than the upstream reach supplies 
through transport of sediment derived from its cobble bed. 
Figure 7.14B also appears to be largely similar to the original ST:REAM 
outputs in Figure 7.11. However, the differences present reinforce the effects 
observed when Version B was applied to the Afon Einon. For example, the reach 
on the main stem just downstream from the confluence with the Bargoed Taf is 
defined as having a near neutral CSR in Figure 7.14B when it was previously 
correctly defined as highly erosional (point D on Figure 7.11). The reason for this 
is that, as identified above, it is defined by RHS as having a boulder-bed. 
Therefore, although it has far more stream power than its upstream neighbour and 
so can easily transport the material supplied to it from upstream, because its own 
boulder bed material is so difficult to entrain, it can only transport a small quantity 
of it. Consequently, its outgoing sediment load is modelled as being only slightly 
greater than its incoming load. 
This section has explored how introducing two different means of 
representing bed material variability would impact the outputs of ST:REAM. It is 
evident from comparing the outputs against the observed sediment status within 
the catchment, and the original outputs from ST:REAM, that incorporating 
PHDVXUHGYDULDELOLW\ LQEHGPDWHULDODFWXDOO\ UHGXFHV WKHPRGHO¶VDFFXUDF\7ZR
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major factors contribute to this: the suitability of the bed material data sources 
used; and the appropriateness of using bed material size as an independent variable 
within catchment-scale analysis of sediment dynamics. 
Despite their relatively good coverage, neither of the two bed material data 
sources provides a complete representation of bed material variability within the 
study catchments. In particular, the RHS data used within the River Taff 
catchment is not ideal in terms of either the accuracy of its bed material 
classifications (Figure 3.19), or the precision of its classes. Even if the size 
classifications in an RHS record were 100% accurate, adjacent reaches with only 
slightly different bed materials can be allotted classes that are extremely different 
in their potential mobility. For example, in the analysis above, the reach on the 
Rhonnda that is just upstream of the confluence with the Rhonnda Fach was 
identified as being defined as being boulder-bedded in the RHS database, while its 
upstream neighbour was defined as being cobble-bedded. In reality, bed material 
sizes in these reaches are far more similar than their RHS classifications suggest, 
exaggerating differences in bed mobility and generating inaccurate predictions of 
CSR.  
Even though the bed material data available for the Afon Einon catchment 
is more accurate and precise than RHS data, it still does not provide an ideal 
representation of bed material variability within the catchment. Bed material 
measurement is widely recognised as being strongly dependent on the location of 
the sample within the channel (Gomez, 1991). Further, measurement of bed 
material sizes at discrete channel cross-sections within a catchment cannot fully 
represent the natural variability within a catchment.  
However, even if the poor performance of the versions of ST:REAM that 
incorporate bed material variability is attributed to the unsuitability of the bed 
material data used, the data used within these case studies represents the best that 
is available across British catchments. RHS coverage for the Taff catchment is 
amongst the highest nationally, and measured river bed material size data, like that 
for the Afon Einon, is extremely rare. Therefore, with respect to the original aims 
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of this thesis, it is not realistically possible to improve bed material representation 
beyond what has been applied here. 
It was argued in Section 4.5 that, within a uni-directional steady-state 
treatment of coarse sediment dynamics, the bed material size observed within a 
reach can be considered less of a driving influence in catchment sediment 
dynamics, and more a response variable indicative of the sediment status of the 
reach in question. The results produced within this section support this proposal. 
Where a reach has a relatively high stream power, it is likely to have a relatively 
coarse bed material (the boulder-bedded reach downstream of the confluence with 
the Bargoed Taf, for example). When bed material sizes are modelled as consistent 
throughout the catchment, this type of reach is generally predicted as having a high 
CSR. However, when bed material sizes are modelled as observed, differences in 
bed material size can disguise or even overwhelm the differences in stream power 
so that this type of reach is predicted as having a neutral or even low CSR. Based 
on the model assessment reported in this section it is therefore concluded that bed 
material size is indeed best modelled as uniform within ST:REAM. However, 
whilst bed material size is best modelled as uniform within an approach like 
ST:REAM as it deals with sediment balances rather than actual sediment fluxes, 
where users wish to predict sediment fluxes it is necessary to account for bed 
material sizes, as is done so in sediment routing models. 
 
7.4.3 Assessing the influence of reach scale on ST:REAM outputs 
Section 7.4.1 above demonstrated that, provided completely unerodible, 
concreted reaches are accounted for, ST:REAM can produce CSR outputs that 
represent the general trends in morphological status observed in the field. 
However, the scale at which these trends are represented is highly dependent on 
the length of the reaches used within the model, and this focuses attention on the 
level of explanation to which the zonation algorithm is extended. When the model 
was applied to the Afon Einon catchment (Figure 7.12), a 1% level of explanation 
identified only 4 reaches along the main stem. Because of the small size of the 
Afon Einon catchment, representation by just four reaches is not unreasonable and 
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would probably be useful for most broad-scale, catchment management purposes. 
However, a river researcher interested in variations in morphological status at a 
finer scale would wish to generate more reaches, making it necessary to extend the 
PRGHO¶V DXWRPDWLF ]RQDWLRQ SURFHGXUH EH\RQG  H[SODQDWLRQ RI WKH WRWDO
variation. Figure 7.15A and Figure 7.15B demonstrate the outputs from ST:REAM 
when applied to the Afon Einon using levels of explanation of 5% and 10%, 
respectively in the zonation procedure. 
It is apparent that, by decreasing the scale of the reaches within the 
ST:REAM representation of the Afon Einon, some of the reaches identified by 
Henshaw in Figure 7.8 that were not recognised by the original ST:REAM model 
become defined. For example, rather than being one single reach with a high CSR 
(Figure 7.12), the main stem of the Afon Einon upstream of the confluence with 
the Nant Gelli-Gethin is defined as having some short reaches within it that have  
low CSRs (points A1, A2 and A3 in Figure 7.15A). This is supported by the 
observations represented in Figure 7.8. Further, increasing the level of explanation 
within the zonation algorithm allows ST:REAM to predict the CSRs of multiple 
reaches within the tributary branches of the Afon Einon catchment. 
Application of ST:REAM to the Taff catchment displayed in Figure 7.9 
resulted in far more reaches than the application to the Afon Einon catchment, 
largely due to the difference in catchment size as the zonation algorithm was 
applied to the same level of explanation within both catchments. Therefore, it is 
useful to identify the impact that increasing the level of explanation in the zonation 
algorithm would have on the ST:REAM representation of the Taff catchment. 
Figure 7.16A displays the CSRs output from ST:REAM when applied to the Taff 
catchment using a level of explanation of 5% within the zonation algorithm. 
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Figure 7.15 ST:REAM predicted capacity supply ratios for the Afon Einon catchment, 
mid-Wales for (A) 5% and (B) 10% zonation reach boundaries. All cobble bed material. 
 
  
318 
The observed sediment statuses displayed in Figure 7.6 were undertaken 
specifically for the reaches identified by the zonation algorithm at a 1% level of 
explanation of the total variation. This makes it difficult to make direct 
comparisons to the ST:REAM outputs obtained when using a level of explanation 
of 5%, because changing the level of explanation alters both the number of reaches 
and their boundaries. However, one observation that contributes to the assessment 
of the impacts of scale on ST:REAM can still be made. Based on examination of 
aerial imagery, certain sequences of reaches in Figure 7.16A that are predicted as 
having alternatively high and low CSR values actually correspond to lengths of 
channel dominated by riffle and pool bedforms, respectively (e.g. Figure 7.16B). 
In this sequence, riffles were identified as relatively steep, high transport capacity 
reaches with CSRs greater than 10, while pools were identified as relatively low 
transport capacity reaches with CSRs below 0.1. One of several examples of this 
phenomenon is displayed in Figure 7.16B. Increasing the level of explanation that 
the zonation algorithm provides results in the individual elements of the riffle-pool 
sequence automatically being delineated as individual reaches. This is not ideal 
because, in a catchment-scale assessment any continuous or semi-regular riffle-
pool sequence should constitute a FRQWLQXRXV µIXQFWLRQDO¶ UHDFK. Hence, it is 
concluded that, in the Taff case study, reach delineation provided a better basis for 
analysis of sediment dynamics when ST:REAM was run using the 1% zonation 
algorithm (Figure 7.11). 
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Figure 7.16 (A) ST:REAM predicted capacity supply ratios for the River Taff catchment, 
South Wales for 5% zonation reach boundaries. All cobble bed material. (B) Aerial image 
of riffle-pool sequence identified as separate reaches within the 5% ST:REAM model of 
the Taff catchment. Taken from Google (2009). 
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The findings reported in this section raise a key, but complex issue that 
concerning the most appropriate scale for the reaches to which ST:REAM is 
applied. This is important because calculated stream power per unit bed areas, and 
therefore sediment transport capacities, vary with the scale of consideration. The 
importance of scale can be demonstrated using contrasting examples from opposite 
ends of the scale spectrum. At the broadest scale, it has been proposed that, along 
the main stem branch in a fluvial system, stream power tends to peak in the middle 
of the basin (Lawler, 1992a; Lawler et al., 1999). This is because, along the main 
stem (or in fact any individual branch), discharge (ܳ) increases according to a 
power relationship of downstream distance (ܮሻ 
 ܳ ൌ ݇ ȉ ܮ௠ 
Equation 7.1 
 
while slope (ܵ) decreases according to an exponential relationship with distance 
downstream from an initial slope (ܵ଴ሻ 
 ܵ ൌ ܵ଴ ȉ ݁ି௥௅ 
Equation 7.2 
 
Combining these relationships indicates that stream power should vary according 
to the function: 
  ? ൌ ܽ ȉ ܮ௕ ȉ ݁ି௥௅ 
Equation 7.3 
 
As a result, stream power peaks at an intermediate location within the catchment, 
the precise location depending on the values of the exponents ݉ and ݎ.  
The equations proposed by Lawler (1992a) were used to generate curves of 
stream power and, hence, sediment transport capacity for the mean annual flow 
with a uniform sediment diameter of 0.1m along the main stems of the Afon 
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Eionon and the River Taff (Figure 7.17). As expected the proposed discharge and 
slope result in a smooth curve with mid-basin peak in stream power and, therefore, 
sediment transport capacity, in both catchments. However, also plotted in Figure 
7.17 are sediment transport capacities predicted using local values of slope and 
discharge spaced at 50m intervals. It is immediately apparent that, in both 
catchments, local variability in predicted transport capacities dwarf any broad, 
basin-scale trend, if a basin-scale trend is actually present at all. 
The obvious contrast between predicted basin-scale trends and measured 
local variations in sediment transport capacity emphasises the importance of scale 
to catchment-wide assessment of sediment dynamics. The exercises reported here 
have shown that application of ST:REAM using reaches explaining 1% of the total 
variation in sediment transport capacity produces sediment status predictions that 
are congruent with sediment statuses observed in the field. Decreasing reach scale 
and using reaches that explain 5% or 10% of the total variation in sediment 
transport capacity can help explain even more of the observed variations in 
sediment status. However, as for the Taff, increasing the level of explanation used 
in the zonation algorithm can also result in reaches being identified that are not of 
interest within the context of catchment-scale sediment dynamics. A potential 
means of addressing this issue would be to attempt to scale the zonation procedure 
on channel width so that short reaches could be identified in low order channels 
with narrow channels, without wider, higher-order channels being divided into 
reaches of the scale of local bar forms. Despite investigation to identify a way of 
scaling the reach delineation method on channel width, no means of achieving this 
consistently could be identified in the course of this research project.  
It is concluded that, unless a means of scaling the reach zonation algorithm 
against channel order or width can be successfully developed, ST:REAM should 
be applied using reaches explaining just 1% of the total variation in transport 
capacity. Whilst currently this limits ST:REAM to assessing broad-scale variations 
in coarse sediment transport capacity, this is a reasonable compromise that is also 
necessary to avoid ambiguities that arise when attempting to identify reaches at 
finer scales. 
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Figure 7.17 (A) Local vs. Catchment trends in sediment transport capacity within the River Taff catchment, South Wales.  
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Figure 7.17 (B) Local vs. Catchment trends in sediment transport capacity within the Afon Einon catchment, mid-Wales. 
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CHAPTER EIGHT 
 
Chapter Eight: Applications, Implications and Conclusions 
 
8.1 Applications within river management 
ST:REAM has potential applications within multiple aspects of river and 
catchment management. As identified within Chapter Two, it has become 
increasingly clear that sediment dynamics must be taken into account in flood risk 
management because scour, deposition, morphological change and related habitats 
all have significant impacts on flood conveyance capacity and the 
performance/stability of flood defence infrastructure. There are various ways in 
which ST:REAM can be applied to support consideration of the implications of 
coarse sediment dynamics and their management for integrated flood risk 
management. The first issue described here is identification of appropriate 
locations for removal of excessive sediment deposits.  
As has been demonstrated by Lane et al. (2007), in reaches which lack the 
capacity to transfer the sediment that is supplied to them, within-channel 
sedimentation can reduce channel flood capacity and increase the frequency and 
magnitude of out-of-bank flows. Sear et al. (1995) described how a large 
proportion of the maintenance activity performed in ensuring British river 
channels can convey their flows is dedicated to the removal of excess bed 
sediment deposits through dredging, de-silting and shoal removal. Dredging is the 
removal of sediment that has accumulated in the channel to a degree that is 
considered to compromise flood defence or land drainage functions of the channel; 
de-silting is the removal of sediment that has recently accumulated in the channel; 
and shoal removal is the removal of individual bars and bedforms where these are 
considered to compromise the flood control function of the channel (Sear et al., 
2003). A combination of financial restrictions and concerns regarding the 
ecological impacts of sediment removal limits the total amount of sediment-related 
maintenance that can be performed and so it is important that efforts are targeted 
on the locations where it is of most benefit. Currently, these locations are 
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identified on the basis of stakeholder pressure, experience and past practice, with 
little or no regard to whether the cause of the problem is local or is a symptom of 
an imbalance in the sediment transfer system. ST:REAM provides a scientifically-
based means of identifying reaches with low CSRs, where excessive deposition is 
likely due to imbalance in the coarse sediment transfer system. In these cases, 
sediment removal is unlikely to provide anything but a temporary solution and 
river managers can use ST:REAM to investigate how the wider cause of the 
sedimentation problem might be addressed sustainably. Conversely, where 
deposition that poses unacceptable flood risks to people or property has a local 
cause that is unrelated to imbalance in the coarse sediment transfer system, bed 
sediment removal may be justified and effective.  
ST:REAM also has the potential to provide outputs that are useful to the 
management of river habitat. It is recognised that the sediment transfer system 
plays an important role in shaping the physical biotopes and functional habitats 
present within stream channels. Excessive siltation resulting from the inability of a 
reach to transport the sediment supplied to it or artificial elevation of that supply 
can reduce habitat quality and adversely impact the reproductive cycle of those 
fauna who spawn within gravel substrate (Harper and Everard, 1998; Soulsby et 
al., 2001; Hendry et al., 2003). Conversely, excessive erosion resulting from 
excessive transport capacity or sediment starvation can also damage physical 
habitat due to scouring of the bed or accelerated bank retreat. ST:REAM can 
provide a means of identifying reaches within a catchment where excessive 
siltation or erosion are likely to damage habitat quality so that either restorative or 
mitigating actions can be taken.  
Outputs from ST:REAM can also provide an explanatory variable to 
ecologists concerned with riverine species distributions and promoting 
biodiversity. Whilst it is recognised that coarse sediment dynamics are important 
in influencing physical habitat, and therefore in-stream ecology, there have been 
difficulties in parameterising the influence of geomorphological processes within 
models predicting species diversity (Ian Vaughan, University of Cardiff, personal 
communication, 2009). The outputs from ST:REAM can provide an indication of 
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likely morphological status across entire catchments, which can be compared 
against national species distributions datasets and used to add explanatory power 
to existing models for predicting species diversity. 
The European Water Framework Directive has set targets for the 
improvement of the hydromorphological status in water bodies by 2015 (EU, 
2000). To facilitate these improvements in British rivers, it is first necessary to 
LGHQWLI\WKHORFDWLRQVLQDFDWFKPHQWZKHUHµK\GURPRUSKRORJLFDO¶LPSURYHPHQWLV
most likely to successfully lead to an improvement in ecological status. Given the 
operational scale at which these improvements are necessary, and the time and 
budgetary constraints within which they need to be made, ST:REAM provides a 
rapid means of identifying reaches within a catchment that are of poor 
hydromorphological status due to excessive erosion or deposition driven by 
sediment imbalance in the fluvial system. This information could assist in the 
prioritisation of river reaches with respect to implementation of Programmes of 
Measures (POMs) proposed in the relevant River Basin Management Plan that are 
intended to trigger hydromorphological improvements through, for example, river 
restoration. 
ST:REAM could be useful not only in identifying the reaches within a 
catchment that may be in need of hydromorphological enhancement or river 
restoration, but also in the context of enhancement or restoration design. Soar 
(2000) described how successful river channel restoration depends on ensuring 
that the newly designed channel does not disrupt sediment transfer within the 
catchment, either by supplying more sediment than the channel downstream can 
transport, or by failing to transport the sediment that is delivered from the channel 
upstream. The impact of proposed channel enhancement or restoration designs on 
coarse sediment dynamics can be simulated using ST:REAM in order to identify 
the design that provides the least disruption to transfer continuity and connectivity 
within the catchment. 
Whilst the specific applications outlined above represent potential valuable 
uses of the ST:REAM approach within British river management, the most useful 
role for ST:REAM is not to solve any one specific type of management issue, but 
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instead to provide a broad understanding of the state of the catchment as a 
sediment transfer system. Understanding not only which reaches are sediment 
sinks and which are sediment sources, but also whether that status is an outcome 
of the natural operation of the sediment transfer system, the unintended result of 
poor management, or the impact of an anthropogenic pressure is important for any 
river manager seeking to manage a catchment holistically and sustainably. This is 
why geomorphology was identified as a key component of the Environment 
$JHQF\¶V &DWFKPHQW )ORRG 0DQDJHPHQW 3ODQV &)03V DQG 5LYHU %DVLQ
Management Plans (RBMPs). However, as identified at the outset of this study, 
there is currently no means of considering sediment dynamics as they operate 
throughout a catchment due to data and operational constraints. ST:REAM can go 
some way to filling this gap so that aspects of sediment transfer are more easily 
considered within catchment-level river management. In fact, due to its relatively 
low data requirements, such is the ease with which ST:REAM can be applied, it is 
envisioned that it could produce outputs of predicted sediment status for reaches 
within every British river catchment, for inclusion in the next generations of 
CFMPs and RBMPs. It is this potential to produce a representation of predicted 
broad-scale sediment dynamics nationally that is the primary strength of the 
ST:REAM approach. 
Despite the potential for ST:REAM to contribute a useful tool within river 
management, it is important to recognise its limitations within any application. 
ST:REAM provides a means of quantitatively predicting the sediment continuity 
for reaches within a catchment network. However, this prediction is based on 
many simplifications of what is inherently a complex, non-linear, dynamical 
system. The majority of these simplifications and the justifications for them are 
described in detail throughout Chapter Four, but in summary ST:REAM: 
i. treats bed material size as a dependent variable, allowing the simplification 
that the characteristics of coarse sediment in transport are uniform and can 
be represented by a single grain size throughout the catchment; 
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ii. calculates reach transport budgets based on predicted bed surface material 
transport capacity, rather than either predicted bed-load or even predicted 
bed material transport capacity; 
iii. does not account explicitly for coarse sediment supplied to a reach from 
sources other than the reach(es) (either along the same branch or from a 
tributary) directly upstream;  
iv. assumes that, unless a reach is identified as having non-erodible 
boundaries, the sediment output from a reach is equal to its transport 
capacity;  
v. divides the drainage network into reaches, within which channel form and 
processes are uniform, but between which they change abruptly;  
vi. offers a static representation of a natural system that is inherently dynamic, 
with no attempt made to simulate non-linear interactions which over time 
can result in morphological behaviours not represented in this reach-based 
sediment-balance approach; 
vii. cannot provide a sediment status classification for the furthest upstream 
reach on each branch because of a lack of upstream neighbour from which 
to calculate the capacity supply ratio. 
In making simplifications of naturally occurring processes, ST:REAM is 
no different from any other sediment model; however in addressing the significant 
data input restrictions imposed upon its design, it is inevitable that ST:REAM has 
made more simplifications than other, less widely applicable, models. As a result 
of these simplifications, it is important that the outputs from ST:REAM are never 
used in isolation to support decision making in river management. Instead, it is 
recommended that the outputs from ST:REAM are used alongside, or in 
conjunction with, other observations and calculations of sediment dynamics within 
the catchment under consideration. At the very least, this should take the form of a 
field and desk-based reconnaissance to gain a qualitative understanding of the 
sediment processes operating with the catchment, and close examination of aerial 
imagery, to identify whether the outputs of ST:REAM are supported by 
observations of reach-scale morphologies. As was recognised within Section 7.3, 
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this type of remotely-sensed reconnaissance can also be useful in ensuring that the 
model inputs are appropriate, particularly the identification of high energy reaches 
with non-erodible boundaries. 
The version of ST:REAM presented and assessed herein should not be 
considered ready for uptake within river management. As emphasised in Section 
7.2, the model assessment process performed as part of this doctoral research did 
not, and could not, validate ST:REAM as being fit for use in accounting for 
catchment-scale coarse sediment dynamics for river management purposes. The 
assessment process did, however, establish that ST:REAM can produce outputs 
that generally correspond to the observations made in two test catchments, as well 
as identifying the sensitivity of model outcomes to changes in user-defined factors 
that affect the performance of the model. 
A significant limitation of the assessment of ST:REAM performed in 
Chapter Seven is that it was performed on just two test catchments, both of which 
are representative of the same river type - steep, gravel-bed rivers. This small 
sample size is justified given the scope of this study. However, it means that not 
only is ST:REAM not completely proven within steep gravel-bed rivers, but that 
ST:REAM has not been tested at all against other river types. Whilst the same 
general theories can often be used to explain all different river types, exactly how 
those theories apply to a river can depend upon the type that river falls into. For 
example, hydraulic geometry, as developed by Leopold and Maddock (1953), may 
be relevant to all rivers, but the actual nature of those hydraulic geometry 
relationships varies across river types. It is therefore possible that a chalk-bed 
stream typical of south-east England, or a large sand bed river like the lower 
reaches of the River Severn, would behave differently to the Taff and the Einon 
when modelled within ST:REAM.  
As a result, it is recommended that further assessment of ST:REAM should 
be performed across a wider range of test catchments to ensure that its outputs are 
equally representative across all British rivers. It is anticipated that the model will 
struggle to produce representative outputs in bedrock dominated rivers. This is 
because, in this type of system, the assumption that ST:REAM makes regarding 
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the output from a reach being equal to its transport capacity will be particularly 
invalid. 
A further limitation of the assessment performed in Chapter Seven is the 
form of the data used to µground truth¶WKHRXWSXWVIURP675($0 As would be 
expected given the reasons behind the aim of this thesis, there exists no easy 
method for identifying the sediment status of river channels. The only means by 
which the outputs from ST:REAM could be assessed at the catchment-scale was to 
compare them to sediment status as decided by expert judgement. Clearly, this 
type of assessment is dependent on the assumption that the so-FDOOHG µH[SHUW
MXGJHPHQW¶ SURYLGHV DQ DFFXUDWH DQG FRPSUHKHQVLYH UHSUHVHQWDWLRQ RI WKH
sediment status across the catchment. Along with the questionable assumption that 
expert judgement can correctly identify the sediment status of a channel at a given 
point, in testing ST:REAM on both the Einon and the Taff there are specific 
reasons why sediment status throughout the catchment may not be appropriately 
represented.  
As described in Section 7.3.2, the sediment status of the Einon catchment 
was described based on the experience of a researcher who had spent four years 
studying its sediment dynamics (Henshaw, 2009). Their expert judgement was 
used to divide the catchment into a series of independently assigned reaches and 
allocate a sediment status for each reach. The main assumption made by this 
process is a reflection of one of the key assumptions of reach-based models ± that 
rivers can be appropriately divided into a series of homogenous reaches. In reality, 
natural rivers vary across a range of scales and therefore even if functional reach 
boundaries can be assigned correctly it is likely that some variation in sediment 
VWDWXVZLOORFFXUZLWKLQDµKRPRJHQRXV¶UHDFK7KLVLVQRWUHIOHFWHGHLWKHUE\WKH
outputs of ST:REAM, or by the datasets upon which those outputs have been 
assessed. 
Given the scale of the Taff catchment, expert judgement on the sediment 
status of the catchment was achieved by observing the river channel at a finite 
number of points throughout the catchment. In order to ensure that a decision 
FRXOGEHPDGHRQ WKH VWDWXVRI HDFKRI WKH FDWFKPHQW¶V UHDFKHV, the observation 
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points were stratified so that at least one fell within each reach. This stratified 
sampling of observations makes two questionable assumptions. Firstly, it assumes 
that the functional reach ERXQGDULHVLGHQWLILHGE\*LOO¶V(1970) zonation algorithm 
has appropriately identified the functional reach boundaries within the river 
catchment. Since the ground-truthing observations are based upon boundaries that 
ST:REAM itself has derived this represents a degree of circularity in the 
assessment process. Secondly, it assumes that the points at which the river channel 
is observed are representative of the entirety of the functional reach that they falls 
within. This second assumption is linked closely with one of the assumptions of 
the assessment of ST:REAM on the Einon catchment ± that rivers can be 
appropriately divided into a series of homogenous reaches. These assumptions 
were both necessary given the difficulty in obtaining alternative measures of 
sediment status at the catchment-scale and scope of this study. 
As a result of these limitations it is suggested that, in order to 
comprehensively assess the performance of ST:REAM, it is necessary to compare 
its outputs against a continuous representation of channel sediment status 
throughout an entire catchment. As identified at the outset of this thesis, there is a 
difficulty in doing this given the data currently available. However, it is possible 
that repeat LiDAR surveys over medium time-scales (10-50 years) could be used 
to identify morphological change at the catchment-scale. It is proposed that when 
this data becomes available it would provide a useful dataset against which to 
compare the outputs of ST:REAM. 
On a related point, future technological developments will likely lead to an 
increase in the quantity, quality, and variety of catchment-scale datasets available 
to river managers. As a result this will relieve some of the restrictions imposed 
upon the development of ST:REAM as a catchment-scale model of sediment 
dynamics. Recognising these improvements in data availability and updating 
675($0 DFFRUGLQJO\ LV DQ LPSRUWDQW SURFHVV WKDW ZLOO HQVXUH WKH PRGHO¶V
progression. 
Finally, further development of ST:REAM should focus on improvement 
of its user interface. In addition to ensuring that ST:REAM is widely useable given 
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currently available datasets, and that it produces scientifically credible and 
practically useful results in order to promote its uptake amongst the British river 
management community, it is important that it is easily applied. Currently, 
ST:REAM is based within a Microsoft Excel spreadsheet and requires the user to 
obtain and enter all of the input data manually. It is envisaged that the entire 
process could be automated if ST:REAM were to be based within a GIS 
environment. Given the appropriate MasterMap, DEM, drainage area, annual 
potential evaporation, annual rainfall, and RHS layers, ST:REAM could 
automatically derive all of the input data for a specified catchment and produce the 
resultant outputs in a single action. 
 
8.2 Implications for river research 
The ST:REAM model that is the major outcome of this thesis, together 
with the more general findings reported here, have implications for further 
progress in the theoretical understanding of sediment dynamics that underpins 
scientific fluvial geomorphology. This was identified as a potential consequence of 
the research to be performed in this study at the outset (see Section 1.2). The 
research and theoretical implications stem from consideration of how the major 
components of the ST:REAM model (including the new, general sediment 
transport equation) can inform future research initiatives in various aspects of river 
science, and also how the overall approach developed and adopted can influence 
thinking on how sediment dynamics link process-form and process-response 
behaviours operating in the fluvial system at the micro-, meso- and catchment-
scales. 
 
8.2.1 Applications of functional reach boundary hunting algorithms 
The research efforts documented in Chapter Five resulted in an objective 
method for automatically identifying reaches within a river network that are 
internally homogenous relative to each other and which are, therefore, 
comparatively distinct. This type of methodology has implications not only for 
existing sediment transport and balance models that rely on user-defined reach 
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boundaries, but also as a means of identifying functional reach boundaries for 
researchers interested in studying any aspect of spatial organisation in a river 
network. For example, researchers at the University of Southampton have recently 
applied a boundary hunting algorithm different to that used here to identify 
functional reaches within a model designed to assist decision making for fishery 
management (Marc Naura, University of Southampton, personal communication, 
2009). 
The potential implication of the work carried out in Chapter Five is that the 
subjective setting of reach boundaries based solely on field or desk reconnaissance 
coupled with specialist interpretation and judgement is no longer defendable as a 
way of dividing up the fluvial system. While well-informed, expert opinion will 
always be valuable, Chapter Five suggests that it should be applied alongside the 
type of objective boundary hunting methods reported and tested here whenever it 
is necessary to divide a river network into reaches. However, before zonation 
algorithms can be confidently applied widely throughout river catchments it is 
necessary to test their performance more thoroughly. Chapter Five proposed 
zonation algorithms as a means of objectively dividing catchments into reaches, 
tested a selection of zonation algorithms against each other and demonstrated the 
value of their implementation. However, the testing of the algorithms described in 
Chapter Five was limited to main stem of the River Taff in South Wales. Whilst 
the River Taff is not atypical of British rivers in general, it is only representative of 
a certain type ± medium sized, steep, gravel-bedded rivers punctuated by bedrock. 
Further, it did not test the performance of the zonation algorithms against expert 
opinion, nor did it test whether multivariate zonation algorithms might provide a 
better definition of reach boundaries. Clearly, an important and interesting line of 
future research lies in assessing and developing the zonation algorithms proposed 
in Chapter Five. 
 
8.2.2 Advance towards a general bed material transport formula 
The bed material transport formula derived in Chapter Six by no means 
represents an end point in the quest for a general solution to the sediment transport 
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problem, but some aspects of its development represent significant contributions to 
the sediment transport knowledge base. In particular, Section 6.4.1 identified that, 
despite tractive force being the parameter that dominates the recent literature on 
sediment transport, unit width or stream power per unit bed area is more closely 
and consistently correlated with sediment transport rate in the very large data 
collection examined in this study. Stream power per unit bed area can be expressed 
as the product of bed shear stress (that is: tractive force per unit bed area) and 
mean velocity and therefore essentially acts to combine their effects in a similar 
manner to that suggested by Mavis and Laushey (1949). It was therefore argued in 
Section 6.5.1 that its representation of the combined influence of both velocity and 
tractive force is responsible for the strong statistical association between sediment 
transport and stream power per unit bed area. Further, since stream power per unit 
bed area is easily calculated using gross channel parameters, it represents an 
extremely practical means of predicting transport rates. 
Another original contribution reported in Chapter Six was the 
discrimination between the transport of material observed on the surface of the bed 
and the transport as bed-load transport of other sediment sizes, finer than those 
found on the bed surface. No totally objective means of differentiating between 
sediment fractions that are and are not present on the bed surface has yet been 
defined. However, it has been demonstrated that it is useful to account for the fact 
that measured bed-load consists of both the fractions representative of the known 
bed surface and finer fractions whose transport rates are difficult to measure and 
predict. Further work is necessary to attempt to formalise a methodology for 
differentiating between the transport of bed surface material fractions and those, 
potentially supply-limited, finer fractions that make up the remainder of the 
transported bed-load. 
,GHQWLILFDWLRQ DQG TXDQWLILFDWLRQ RI VHSDUDWH µFRPSHWHQFH¶ DQG µFDSDFLW\¶
phases of bed material transport represents a further, original contribution to 
studies of sediment transport. Whilst Barry (2007) had suggested the presence of a 
third phase of transport in addition to the conventionally accepted Phases I and II, 
his treatment was largely theoretical. The relationship presented in Figure 6.8 and 
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Equation 6.23 therefore represents a first attempt to quantify these transport 
phases. In order to fully understand the nature of coarse material transport further 
work is necessary to test the relationship illustrated by Figure 6.8 across a wide 
range of flow conditions. 
Perhaps the most significant contribution in Chapter Six is, however, 
integration and editing of bed-load transport datasets from a wide range of 
environments to produce a single very large, but internally consistent dataset and 
bed surface material transport function (Figure 6.8 and Equation 6.23). It is 
DQWLFLSDWHG WKDW WKLV µJHQHUDO¶ UHODWLRQVKLS ZLOO EH SDUWLFXODUO\ XVHIXO LQ UHVHDUFK
applications where indicative, quantitative predictions of transport capacity are 
required, but their precision is not the primary concern. A unique feature of the 
general equation derived here is that it can be applied without knowledge of the 
depth-velocity relationship for the flow: %DJQROG¶V RULJLQDO VWUHDP SRZHU-based 
equations (Bagnold, 1977; Bagnold, 1980; Bagnold, 1986) require some 
representation of flow depth as this is related to critical stream power and the 
efficiency with which stream power is used to transport sediment. Avoiding the 
requirement to know the depth and mean velocity improves the ease of application 
of the relationship displayed in Figure 6.8 and expressed in Equation 6.23 beyond 
that of any of the currently available sediment transport equations. 
One important limitation of the transport relationship illustrated in Figure 
6.8 and described by Equation 6.23 is that it is a bed surface material transport 
relationship. Isolating the bed surface material from the potentially supply limited 
finer fractions did make it easier to define a generally consistent relationship but it 
does mean that the transport relationship derived ignores all material finer than 
that observed on the bed surface and therefore is actually just for bed surface 
material ± not for bed-load or even bed material. Whilst this limitation should be 
taken into account during its application, it should not inhibit the intended function 
of the derived transport relationship ± which is a generally applicable formula that 
provides indicative, not absolute, predictions of sediment transport capacity. 
Nevertheless, in order to develop formulae that can predict total bed-load transport 
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it is necessary to develop techniques that can accurately measure and predict the 
transport of the finer, often supply-limited, bed-load fractions. 
 
8.2.3 Time, space and causality of bed material size 
An interesting and somewhat unexpected finding of this study was that 
incorporating spatial variation in bed material sizes in a ST:REAM assessment of 
catchment-scale sediment dynamics did not improve, and actually reduced, 
agreement between predicted and observed reach-scale sediment balance status. 
This outcome can be partially attributed to the limited resolution, precision and 
accuracy of the data used to represent bed material variability, despite them being 
the best that could reasonably be expected at the catchment-scale for British rivers. 
However, this finding also resonates with a debate regarding causality in 
catchment-scale sediment dynamics over steady-state time-scales that was 
considered in Sections 4.5 and 7.4.2 and which centred on whether bed material 
size is a dependent or independent variable with respect to coarse sediment 
dynamics. 
Any debate regarding causality in the fluvial system must start with 
UHIHUHQFH WR µ7LPH VSDFH DQG FDXVDOLW\ LQ *HRPRUSKRORJ\¶ E\ 6FKXPP DQG
Lichty (1965), which was seen by many as a means of satisfying the arguments of 
ERWKWKHµKLVWRULFDO¶DQGµSURFHVV¶DSSURDFKHVWRWKHVWXG\RIODQGIRUPV(Kennedy, 
1997). Within their paper, Schumm and Lichty argued that the distinction between 
cause and effect in the evolution of landforms depends upon the span of time 
involved and on the size of the geomorphic system under investigation. As the 
dimensions of time and space change, the causality of relationships between 
factors of interest in the physical landscape can be obscured or even reversed, so 
that relationships between processes and forms in the newly scaled system must be 
described differently (Schumm and Lichty, 1965). However, at no point within 
their paper do Schumm and Lichty (1965) consider the causality of relationships 
that should be ascribed to bed material size.  
Bed material size is generally viewed as an independent variable within 
reductionist approaches to sediment dynamics because of the influence that it has 
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on the rate at which sediment is transported along a channel. However, whilst a 
range of historical and geological factors influence the type and size of material 
observed on the channel bed in a river reach, Section 4.5 identified that a 
significant influence is the transport capacity of the reach in relation to the 
sediment size distribution supplied to it from upstream. For example, steep, high 
energy reaches have coarse bed material because the finer fractions of sediment 
delivered to them from upstream are easily transferred downstream. This finer 
material travels quickly through the fluvial system until it enters a reach with less 
energy, where it becomes incorporated into the bed material and progresses 
downstream at a much slower rate. Based on this line of argument, a modified 
YHUVLRQ RI 6FKXPP DQG /LFKW\¶V (1965) table of causality for river variables is 
proposed in Table 8.1 where the suggested explanatory status for bed material size 
has been added. It is this line of argument that supports the assumption made 
within ST:REAM that bed material size is a dependent factor within catchment-
scale sediment dynamics, at least when considered within a uni-directional 
approach and over steady-state time.  
Lane and Richards (1997) DUJXHG WKDW 6FKXPP DQG /LFKW\¶V (1965) 
concept of different scales of form and process being causally independent of each 
other is unsustainable because processes operating at short time-scales and small 
space-scales influence those operating over longer time-scales and larger space-
scales. Their line of argument was well demonstrated using data from a braided 
reach of the actively changing %RUJQHG¶Arolla River in the Swiss Alps, where the 
longer time-scale and larger space-scale evolution of a medial bar was found to be 
controlled by the effects of shorter time-scale and smaller space-scale processes, 
which themselves evolved through feedback processes (Lane and Richards, 1997). 
+RZHYHUWKLVFULWLFLVPRI6FKXPPDQG/LFKW\¶V(1965) separation of causality at 
different scales is unhelpful if it is over-emphasised, especially as the 
identification of non-linear behaviour within fluvial systems is difficult 
(Montgomery, 1993), and the full implications of non-linear thinking for 
geomorphological understanding have yet to be assessed (Lane and Richards, 
1997; Phillips, 2003). 
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 /LNH DOO DEVWUDFWLRQV RI UHDOLW\ 6FKXPP DQG /LFKW\¶V (1965) system for 
identifying causality at different scales in geomorphology represents a 
simplification of the complex interactions and feedback loops that operate within 
natural systems. This particular simplification enables fluvial geomorphologists to 
visualise those processes that operate most effectively at a specific scale, while 
ignoring the complications associated with feedback mechanisms referred to by 
Lane and Richards (1997) that may not be particularly important at that particular 
space-time scale. Whilst it must be recognised that the response of the system to 
DQLPSRVHGSURFHVVHYHQWGHSHQGVRQWKHµFRQGLWLRQLQJ¶HIIHFWRISUHYLRXVHYHQWV
(Newson, 1980), and that events occurring at different time- and space-scales may 
KDYH D QHW µFRQILJXUDWLRQDO¶ HIIHFW XSRQ WKH V\VWHP (Simpson, 1963), it is still 
often necessary to be able to simplify the complexity inherent in natural systems in 
order to understand and represent them holistically. For example, it was 
recognised in Section 4.5 that, in reality, bed material size is the net result of 
complex, spatially distributed form-process feedbacks between: local flow 
hydraulics, bed roughness and sediment mobility; reach-scale sediment transport 
processes, flux imbalances and channel morphology, and the stochastically-
controlled and physically indeterminate delivery of sediment to the drainage 
network from catchment sources external to the river. However, it is neither 
necessary nor, in practice, possible to represent these interactions and stochastic 
inputs in a static, steady-state treatment such as a reach-based sediment balance 
model. Accepting this, it becomes clear that the bed material size should be treated 
as a dependent variable when assessing coarse sediment dynamics at the 
catchment-scale over steady time. However, whilst bed material size is best 
modelled as uniform within an approach like ST:REAM, as it deals with sediment 
balances rather than actual sediment fluxes, where users wish to predict sediment 
fluxes it is necessary to account for bed material sizes, as is done so in sediment 
routing models. 
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Table 8.1 The status of river variables during time-spans of decreasing duration. Modified 
from Schumm and Lichty (1965). 
River Variables Status of variables during designated timespans 
Geologic Modern Present 
    
Time Independent Not relevant Not relevant 
Geology Independent Independent Independent 
Climate Independent Independent Independent 
Vegetation Dependent Independent Independent 
Relief Dependent Independent Independent 
Long-term discharge of water and 
sediment Dependent Independent Independent 
Valley dimension (width, depth and slope) Dependent Independent Independent 
Mean discharge of water and sediment Indeterminate Independent Independent 
Channel morphology (width, depth, slope, 
shape and pattern) Indeterminate Dependent Independent 
Observed discharge of water and sediment Indeterminate Indeterminate Dependent 
Observed flow characteristics Indeterminate Indeterminate Dependent 
Observed bed material Indeterminate Indeterminate Dependent 
 
8.2.4 Evidence for non-equilibrium and spatially-distributed form-process 
feedbacks within downstream trends in transport capacity 
Section 7.4.3 identified dramatic differences between the downstream 
variation in stream power and transport capacity values along a river branch based 
on catchment-scale trends, and the downstream variation in stream power and 
transport capacity values derived from closely spaced, measured values. This 
demonstrates that broad-scale, downstream trends in coarse sediment transport 
capacity are dwarfed by local variations. Whilst ³WKHELJTXHVWLRQ PLJKWRSHQ
up new or enlarged areas of inference or DVVRFLDWLRQ´ (Leopold and Langbein, 
1963: 192), care must be taken when using general trends as a mode of 
explanation in fluvial geomorphology as ³WKHVHGXFWLYHTXDOLW\RI WKH WUHQGPD\
disguise order-of-PDJQLWXGHORFDOYDULDELOLW\´(Lane and Richards, 1997: 249).  
The dominance of local variability over catchment wide trends emphasises 
WKH LPSRUWDQFH RI WKH µFRQILJXUDWLRQDO¶ RYHU WKH µLPPDQHQW¶ HIIHFWV FRQWUROOLQJ
sediment dynamics referred to in Section 8.2.3. Under experimental laboratory 
conditions that are independent of the complications introduced by climate, 
geology, vegetation and historical legacy effects, discharge, slope and width (and 
therefore transport capacity) may be expected to be closely related to downstream 
distance based on immanent physical processes. It is under this type of system that 
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the hydraulic geometry relationships proposed by Leopold and Maddock (1953) 
would hold true. However, in real river systems inherent, natural variability 
coupled with the legacies of numerous past events (natural and anthropogenic) that 
have influenced and which go on interacting with contemporary processes means 
that the configurational state of a catchment inhibits the formation of a discernible, 
equilibrium pattern. Instead, within natural systems, where configurational factors 
disrupt smooth, downstream trends, a continuously varying model of hydraulic 
geometry like that developed by Rhoads (1991) is more appropriate. 
Phillips (2009) is one of many scholars to have identified the contradiction 
between the theoretical equilibrium states identified as being the idealised, end-
point of fluvial system development and the scarcity of examples of systems that 
exhibit signs of being in or near their equilibrium state. Both of the catchments 
explored in Chapter Seven constitute examples of systems that are not in an 
HTXLOLEULXPFRQGLWLRQ3K\VLFDOSURFHVVHVPD\FDXVHDFDWFKPHQW¶VPRUSKRORJ\WR
move towards an equilibrium state, as the erosion within high energy reaches 
reduces their slope and deposition in low energy reaches raises local bed 
elevations but, inevitably, some configurational influence (such as a geological 
control or climatic change) will either inhibit progress towards equilibrium (e.g. in 
the form of a bed-rock outcrop) or actively move the system away from 
equilibrium towards a new condition of dis-equilibrium (e.g. through a step change 
in precipitation). 
The dominance of dis-equilibrium and non-linear, dynamical 
interpretations of spatially-distributed form-process feedbacks over equilibrium 
conditions is evident, and possibly exaggerated, in the outcomes of a ST:REAM 
application. For example, reach capacity supply ratios (CSR) output for the River 
Taff are in the range 2x10-13 to 8x1013 reflecting huge differences in calculated, 
annualised transport capacities between reaches. These large differences suggest 
non-equilibrium morphology in the channel network that is being exaggerated by 
configurational influences such as flow impoundment behind dams, construction 
of non-erodible, channelised reaches and geological controls in the form of bed-
rock outcrops.  
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It is accepted that, by dividing the continuous river network sediment into a 
series of discrete reaches, ST:REAM acts to exaggerate the differences in transport 
capacity. In reality, changes in sediment balance status occur either gradually - as 
part of a continuum of adjustment in the morphological, roughness and bed 
material size attributes of the channel, or abruptly in association with a point 
sediment source or a distinct configurational control such as a dam. 
Notwithstanding this, the imbalances exaggerated by the reach discretisation 
process inherent to any reach-based method, including ST:REAM, cannot be 
dismissed and their presence in catchments that are typical of many British rivers 
is symptomatic of FDWFKPHQWVGRPLQDWHGE\ WKH µFRQILJXUDWLRQDO¶ UDWKHU WKDQ WKH
µLPPDQHQW¶ 7KHVH UHVXOWV DUH WHVWDPHQW WR WKH SUHYDOHQFH RI GLV-equilibrium 
processes and evolutionary forms over equilibrated processes and regime 
geometries ± points of significance to all those who research, manage or seek to 
restore British rivers. 
 
8.3 Conclusions 
The research presented in this thesis began by reviewing the history of 
sediment research and management in rivers to develop the case and rational basis 
for a new approach to accounting for catchment-scale coarse sediment dynamics in 
British rivers. The research was motivated by the growing realisation that, despite 
coarse sediment dynamics playing an important role in affecting flood risk and 
habitat quality, the utility of the tools currently available for quantitatively 
accounting for coarse sediment dynamics is limited and, in practice, they are rarely 
deployed in British river research and management ± both of which are largely 
conducted at the scale of the study site or project reach. Funding was provided by 
the EPSRC Flood Risk Management Research Consortium, to support a 
postgraduate studentship responding to the research needs associated with these 
issues.  
A series of aims and objectives were set out, with the central goal being: to 
develop and substantiate a new approach for quantitatively accounting for 
catchment-scale sediment dynamics in British rivers. 
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In attempting to fulfil the aims and objectives set out at the beginning of 
this thesis, the research has identified why understanding and explaining coarse 
sediment dynamics is of fundamental importance to all aspects of river-basin 
research and management, how this importance is growing due to increased 
recognition of the process-form and process-response linkages that work across 
scales in the fluvial system and changes in how we manage and maintain British 
rivers so that they can continue to fulfil multiple functions (flood control, land 
drainage, navigation, recreation, fisheries, conservation) at time when 
anthropogenic pressures on them are increasing. Chapter Two addressed the first 
aim of this study by identifying the imperative for river researchers and managers 
to be able to account for catchment-scale coarse sediment dynamics in their work, 
and by reviewing historical progress made towards understanding these dynamics.  
Based on an understanding of the research need, the research went on to 
identify and appraise both the sources of data of relevant to assessment and 
modelling of coarse sediment dynamics, and the approaches and techniques that 
are currently available to help understand and explain catchment-scale coarse 
sediment dynamics. The evaluation of the data sources and methodologies 
considered in Chapter Three demonstrated that a key constraint in the application 
of the majority of existing approaches is a lack of sufficient data. As a result, any 
new approach needs to be applicable using only data describing channel slope, 
discharge and width. A reach-based sediment balance approach was identified as 
the most appropriate model-type to allow a balance between scientific credibility 
and practical utility.  
The requirements necessary to develop a new, reach-based sediment 
balance approach were identified at the outset of Chapter Four. Two of the more 
substantial requirements required for the development of the approach were 
addressed separately within Chapters Five and Six. These involved the 
development of a method for automatically delineating functional river reach 
boundaries and the synthesis of a general bed material transport relationship.  
Based on the research outcomes reported in the preceding chapters, 
Chapter Seven presented the latest version of ST:REAM: a reach-based sediment 
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balance model that quantitatively accounts for catchment-scale coarse sediment 
dynamics in British rivers whilst remaining practically applicable given the current 
level of data availability. The performance of the methodology developed within 
this study was explored through a progressive assessment process that was 
undertaken not only to identify whether ST:REAM can predict catchment-scale 
coarse sediment dynamics and the sediment status of individual reaches in the 
fluvial system accurately, but also to improve understanding of the factors 
LQIOXHQFLQJ 675($0¶V SHUIRUPDQFH DQG Vo aid further development. Testing 
against field and desk-based observations made within two test catchments 
established that ST:REAM can provide a reasonable representation of likely reach 
status. However, the accuracy of the outputs depends on multiple factors 
including, notably:  
i. prior recognition of high energy reaches with completely non-erodible 
(generally concrete) boundaries;  
ii. treatment of bed material size as uniform within a catchment; and  
iii. setting the zonation algorithm used to identify reach boundaries so that the 
reaches explain 1% of the total variation in transport capacity.  
Assessment of the ST:REAM methodology addressed the fourth aim of this 
study, although it is emphasised here that the progressive nature of the assessment 
process means that further development of the model is always desirable. The fifth 
and final aim, which involves considering the implications of ST:REAM for both 
the practical management of British river catchments and for academic treatment 
of coarse sediment dynamics, has been the focus of the preceding sections of this 
chapter. 
Whilst this thesis has satisfied the aims set out in Chapter One, there have 
been a number of limitations with the methodologies applied in the development 
and assessment of ST:REAM. These have largely been recognised throughout the 
thesis but for clarity they are listed here: 
i. This thesis has made the assumption that a steady-state and reach-based 
representation of the fluvial system is the most suited to catchment-scale 
representations of coarse sediment dynamics. This was based upon 
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arguments made in Section 3.3.3 ± that not only does dividing the drainage 
network into reaches simplify the complex hierarchy of forms and 
processes present in the fluvial system, but it also significantly reduces the 
data required to parameterise a model. However, Section 8.2.4 describes 
how, in reality, changes in sediment balance status can occur both 
gradually, as part of a continuum of adjustment, or abruptly, in association 
with a distinct configurational control. As well as sediment status varying 
at different rates and across different scales, Sections 2.5.8 and 8.2.3 
describe how the fluvial system is controlled by a series of form-process 
feedbacks so that morphological variables are both driving and response 
variables. As a result of these observations, questions must be raised 
concerning the validity of using a steady-state, reach-based approach to 
represent a dynamic natural system. 
ii. This thesis set out to develop a means of quantitatively accounting for 
catchment-scale sediment dynamics that could be applied by those 
responsible for catchment management. This meant that the developed 
approach had to be applicable using the data currently available to British 
ULYHU PDQDJHUV WKH 8.¶s Environment Agency). However, due to 
licensing restrictions not all datasets that are available to the Environment 
Agency were made available to this study. For example, both Low Flows 
2000 and national LiDAR datasets are available to the Environment 
Agency but in this study an alternative FDC estimation technique had to be 
developed and LiDAR data could only be obtained for specific catchments. 
It is considered here that this limited the breadth of testing that could be 
applied within this study. 
iii. As described in Section 8.2.1, the testing of the zonation algorithms used to 
divide catchments into reaches was limited to main stem of the River Taff 
in South Wales. It also did not test the performance of the zonation 
algorithms against expert opinion, nor did it test whether multivariate 
zonation algorithms might provide a better definition of reach boundaries. 
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iv. Section 8.1 describes how the assessment of ST:REAM was limited in two 
aspects. Firstly, it was performed on just two test catchments, both of 
which are representative of the same river type ± steep, gravel-bed rivers. 
Secondly, the data used WRµJURXQGWUXWK¶WKHRXWSXWVIURP675($0Zere 
EDVHG RQ µH[SHUW MXGJHPHQW¶ UDWKHU WKDQ DQ REMHFWLYH PHDVXUHPHQWV 
describing sediment status or channel change. 
Along with the questions answered as a result of this thesis, the research 
developments contained herein have also raised a number of issues that are worthy 
of further research. Again, a number of these have been raised earlier in this 
chapter but for clarity they are listed here: 
i. As a result of the recognition that a reach-based steady-state approach may 
not necessarily be the ideal means of representing catchment-scale 
sediment dynamics, it is necessary to explore the potential for developing 
and assessing alternative approaches. One potential alternative is a cellular 
model similar to that described in Section 3.3.4 that is restricted solely to 
the river channels rather than the entire catchment. This type of model 
would allow catchment sediment dynamics to be represented in a more 
dynamic form. 
ii. As identified by Section 8.1, future research efforts should be aimed at 
ensuring that both ST:REAM and alternative catchment-scale models of 
sediment dynamics evolve to take advantage of new and future 
developments in data gathering techniques. 
iii. Section 8.2.1 identified that an important line of future research lies in the 
further development of zonation algorithms for identifying functional reach 
boundaries. Not only should the boundaries defined using a univariate 
zonation algorithm be assessed using boundaries defined by expert 
judgement, but also efforts should be made to develop multivariate 
zonation algorithms that can assist in the generation of reach boundaries 
suitable for inter-disciplinary research and management projects (as 
discussed in Section 5.9.2). 
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iv. A key area for further research is the continued assessment and 
development of ST:REAM as a model that can be applied by those 
responsible for river management. As a result of the limitations in the 
assessment of ST:REAM recognised above, it is necessary to test the 
outputs of ST:REAM against a wider range of catchments and using a 
continuous, objective measurement of channel sediment status. Section 8.1 
identified that a potential means of deriving this continuous and objective 
measurement of channel sediment status is to use repeat LiDAR surveys to 
identify morphological change across a catchment. 
It is hoped that future research efforts will act to provide closure to some of 
these issues, and as a result, advance on the contribution made by this thesis. 
  
  
347 
REFERENCES 
 
Ackers, P., White, W.R., 1973. Sediment transport: New approach and analysis. 
Journal of the Hydraulics Division-ASCE 99(11), 2041-2060                          
 
Andrews, E.D., 1980. Effective and bankfull discharges of streams in the Yampa 
River basin, Colorado and Wyoming. Journal of Hydrology 46(3-4), 311-330. 
 
Andrews, E.D., 1983. Entrainment of gravel from naturally sorted riverbed 
material. Geological Society of America Bulletin 94(10), 1225-1231. 
 
Andrews, E.D., 1984. Bed-material entrainment and hydraulic geometry of gravel-
bed rivers in Colorado. Geological Society of America Bulletin 95(3), 371-378. 
 
Ashworth, P.J., Ferguson, R.I., 1986. Interrelationships of Channel Processes, 
Changes and Sediments in a Proglacial Braided River. Geografiska Annaler. 
Series A, Physical Geography 68(4), 361-371. 
 
Ashworth, P.J., Ferguson, A.J.D., 1988. Size-Selective Entrainment of Bed Load 
in Gravel Bed Streams. Water Resources Research 25(4), 627±634. 
 
Bagnold, R.A., 1966. An approach to the sediment transport problem from general 
physics. In: Thorne, C.R., MacArthur, R.C. and Bradley, J.B. (Eds.), The Physics 
of Sediment Transport by Wind and Water. American Society of Civil Engineers, 
New York, pp. 231-291. 
 
Bagnold, R.A., 1973. Nature of saltation and of bed-load transport in water. 
Proceedings of the Royal Society of London Series A - Mathematical Physical and 
Engineering Sciences 332(1591), 473-504. 
 
Bagnold, R.A., 1977. Bed load transport by natural rivers. Water Resources 
Research 13(2), 303-312. 
 
Bagnold, R.A., 1979. Sediment transport by wind and water. Nordic Hydrology 
10(5), 309-322. 
 
Bagnold, R.A., 1980. An empirical correlation of bedload transport rates in flumes 
and natural rivers. In: Thorne, C.R., MacArthur, R.C. and Bradley, J.B. (Eds.), The 
Physics of Sediment Transport by Wind and Water. American Society of Civil 
Engineers, New York, pp. 323-345. 
 
Bagnold, R.A., 1983. The nature and correlation of random distributions. 
Proceedings of the Royal Society of London Series A - Mathematical Physical and 
Engineering Sciences 388(1795), 273-291. 
 
  
348 
Bagnold, R.A., 1986. Transport of solids by natural-water flow - evidence for a 
worldwide correlation. In: Thorne, C.R., MacArthur, R.C. and Bardley, J.B. 
(Eds.), The Physics of Sediment Transport by Wind and Water. American Society 
of Civil Engineers, New York, pp. 346-351. 
 
Baker, V.R., 1978. Adjustment of fluvial systems to climate and source terrain in 
tropical and subtropical environments. In: Miall, A.D. (Ed.), Fluvial 
sedimentology. Canadian Society of Petroleum Geologists, Calgary, pp. 211-230. 
 
Baldigo, B.P., Warren, D.R., 2008. Response of fish populations to natural channel 
design restoration in streams of the Catskill Mountains, New York. North 
American Journal of Fisheries Management 28(3), 954-969. 
 
Barker, D.M., 2008. A new approach for determining downstream change in river 
flood power at a catchment scale based on the Flood Estimation Handbook and 
NextMap Britain DEM. Thesis [Ph.D. Dissertation], University of Birmingham, 
Birmingham, 430 pp. 
 
Barnes, H.H., 1967. Roughness Characteristics of Natural Channels: United 
States Geological Survey Water Supply Paper 1849. US Government Printing 
Office, Washington, 211 pp. 
 
Barry, J.J., 2007. Bed Load Transport in Gravel-bed Rivers. Thesis [Ph.D. 
Dissertation], University of Idaho, Moscow, 164 pp. 
 
Barry, J.J., Buffington, J.M., King, J., 2004. A general power equation for 
predicting bed load transport rates in gravel bed rivers. Water Resources Research, 
doi:10.1029/2004WR003190. 
 
Bathurst, J.C., 1987. Measuring and modelling bedload transport in channels with 
coarse bed materials. In: Richards, K. (Ed.), River Channels: Environment and 
Process. Basil Blackwell, Oxford, pp. 391. 
 
Bathurst, J.C., 2002. At-a-site variation and minimum flow resistance for 
mountain rivers. Journal of Hydrology 269, 11-26. 
 
Bellman, R.E., 1957. Dynamic Programming. Princeton University Press, 
Princeton, NJ, 388 pp. 
 
Benda, L., Dunne, T., 1997a. Stochastic forcing of sediment supply to channel 
networks from landsliding and debris flow. Water Resources Research 33(12), 
2849-2863. 
 
Benda, L., Dunne, T., 1997b. Stochastic forcing of sediment routing and storage in 
channel networks. Water Resources Research 33(12), 2865-2880. 
 
  
349 
Benson, M.A., 1965. Spurious correlations in hydraulics and hydrology. Journal of 
Hydraulic Engineering - ASCE 91, 35-42. 
 
Beven, K., 1989. Changing ideas in hydrology ² The case of physically-based 
models. Journal of Hydrology 105(1-2), 157-172. 
 
Beven, K., 2002. Towards a coherent philosophy for modelling the environment. 
Proceedings of the Royal Society of London Series A - Mathematical Physical and 
Engineering Sciences 458(2026), 2465-2484. 
 
Biedenharn, D.S., Hubbard, L.C., Thorne, C.R., Watson, C.C., 2006a. 
Understanding Sediment Sources, Pathways and Sinks in Regional Sediment 
Management: Wash Load and Bed-Material Load Concept. TN-SWWRP-06-3, 
Engineering Research and Development Centre, US Army Core of Engineers. 
 
Biedenharn, D.S., Gibson, S.A., Little, C.D., Jr., Mooney, D.M., Thorne, C.R., 
Wallerstein, N.P., Watson, C.C., 2006b. Sediment Impact Assessment Model 
(SIAM). In: Wallerstein, N.P. (Ed.), Accounting for Sediment in Rivers - A Tool 
Box of Sediment Transport and Transfer Analysis Methods and Models to Support 
Hydromorphologically-Sustainable Flood Risk Management in the UK, Flood Risk 
Management Research Consortium Research Report UR9. FRMRC, United 
Kingdom, pp. 31-40. 
 
Blench, T., 1957. Regime Behaviour of Canals and Rivers. Butterworths Scientific 
Publications, London, 138 pp. 
 
Bluck, B.J., 1987. Bed forms and clast size changes in gravel-bed rivers. In: 
Richards, K. (Ed.), River channels: environment and process. Blackwell, Oxford, 
pp. 159-178. 
 
Bogardi, J.L., 1974. Sediment Transport in Alluvial Streams. Akad. Kiado, 
Budapest, 826 pp. 
 
Bohling, G., Doveton, J., Guy, B., Watney, L., Bhattacharya, S., 1998. PfEFFER 
2.0 Manual. Kansas Geological Survey, Lawrence, 164 pp. 
 
Boon, P.J., Holmes, N.T.H., Maitland, P.S., Rowell, T.A., Davies, J., 1997. A 
system for evaluating rivers for conservation (SERCON): development, structure 
and function. In: Boon, P.J. and Howell, D.L. (Eds.), Freshwater Quality: 
Defining the Indefinable? The Stationary Office, Edinburgh, pp. 299-326. 
 
Boorman, D.B., Hollis, J.M., Lilly, A., 1995. Hydrology of soil types: a 
hydrologically-based classification of the soils of the United Kingdom (Report No. 
126.), Institute of Hydrology. 
 
  
350 
Brasington, J., Richards, K., 2007. Reduced-complexity, physically-based 
geomorphological modelling for catchment and river management. 
Geomorphology 90, 171-177. 
 
Bravo-Espinosa, M., 1999. Prediction of Bedload Discharge for Alluvial 
Channels. Thesis [Ph.D. Dissertation], University of Arizona, 276 pp. 
 
Bravo-Espinosa, M., Osterkamp, W.R., Lopes, V.L., 2003. Bedload transport in 
alluvial channels. Journal of Hydraulic Engineering - ASCE 129(10), 783-795. 
 
Brookes, A., 1985. Downstream morphological consequences of river 
channelization in England and Wales. Geographical Journal 151(MAR), 57-62. 
 
Brookes, A., 1987. River channel adjustments downstream from channelization 
works in England and Wales. Earth Surface Processes and Landforms 12(4), 337-
351. 
 
Brookes, A., 1988. Channelized rivers: Perspectives for environmental 
management. Wiley, Chichester, 342 pp. 
 
Brookes, A., 1992. Recovery and restoration of some engineered British river 
channels. In: Boon, P.J., Calow, P. and Petts, G.E. (Eds.), River Conservation and 
Management. Wiley, Chichester, pp. 337-352. 
 
Brookes, A., 1995. Challenges and objectives for geomorphology in UK river 
management. Earth Surface Processes and Landforms 20(7), 593-610. 
 
Brookes, A., 2007. A Guide to the Use of the Stream Power Tool in River 
Management: Preliminary User Guide, Jacobs. 
 
Brookes, A., Chalmers, A., 2005. Solving an urban river erosion problem on the 
Tilmore Brook, Hampshire (UK). Water and Environment Journal 19(3), 199-206. 
 
Brooks, N.H., 1958. Mechanics of streams with movable beds of fine sand. 
Transactions of the American Society of Civil Engineers 123, 526-594. 
 
Brunner, G.W., 2006. HEC-RAS, River Analysis System Version 4.0 User's 
Manual, US Army Core of Engineers, Hydrologic Engineering Centre, Davis, 
California. 
 
Brunsden, D., Thornes, J.E., 1979. Landscape sensitivity and change. Transactions 
of the Institute of British Geographers 4, 463-484. 
 
Bull, W.B., 1979. Threshold of critical power in streams. Geological Society of 
America Bulletin 90(5), 453-464. 
 
  
351 
Burrough, P.A., McDonnell, R.A., 2004. Principles of Geographical Information 
Systems. Oxford University Press, New York, 333 pp. 
 
Burroughs, B.A., Hayes, D.B., Klomp, K.D., Hansen, J.F., Mistak, J., 2009. 
Effects of Stronach Dam removal on fluvial geomorphology in the Pine River, 
Michigan, United States. Geomorphology 110(3-4), 96-107. 
 
Cameron, D., Beven, K., Naden, P., 2000. Flood frequency estimation by 
continuous simulation under climate change (with uncertainty). Hydrology and 
Earth System Sciences 4(3), 393-405. 
 
Carling, P.A., 1978. The concept of dominant discharge applied to two gravel-bed 
streams in relation to channel stability thresholds. Earth Surface Processes and 
Landforms 4, 355 - 367. 
 
Carling, P.A., 1989. Bedload transport in 2 gravel-bedded streams. Earth Surface 
Processes and Landforms 14(1), 27-39. 
 
Castellarin, A., Vogel, R.M., Brath, A., 2004. A stochastic index flow model of 
flow duration curves. Water Resources Research 40(3), 953-965. 
 
Chang, H.H., 1979. Minimum stream power and river channel patterns. Journal of 
Hydrology 41(3-4), 303-327. 
 
Chang, H.H., 1988. Fluvial Processes in River Engineering. John Wiley and Sons, 
Chichester, 432 pp. 
 
Charlton, F.G., Brown, P.M., Benson, R.W., 1978. The hydraulic geometry of 
some gravel rivers in Britain. Hydraulics Research Station Report IT 180. 
 
Charlton, R., 2008. Fundamentals of fluvial geomorphology. Routledge, London, 
234 pp. 
 
Chorley, R.J., 1962. Geomorphology and general systems theory. United States 
Geological Survey Professional Paper 500B, 1-10. 
 
Chorley, R.J., Kennedy, B.A., 1971. Physical geography, a systems approach. 
Prentice-Hall International, London, 370 pp. 
 
Chorley, R.J., Dunn, A.J., Beckinsale, R.P., 1964. The History of the Study of 
Landforms Volume 1: Geomorphology before Davis. Methuen, London, 678 pp. 
 
Chorley, R.J., Beckinsale, R.P., Dunn, A.J., 1973. The History of the Study of 
Landforms Volume 2: The life and work of William Morris Davis. Methuen, 
London, 874 pp. 
 
  
352 
Chow, V.T., 1973. Open-Channel Hydraulics, International Edition. McGraw-Hill 
Book Company, London, 680 pp. 
 
Church, M., 2002. Geomorphic thresholds in riverine landscapes. Freshwater 
Biology 47(4), 541-557. 
 
Church, M., 2010. The trajectory of geomorphology. Progress in Physical 
Geography 34(3), 265-286. 
 
Church, M., Kellerhals, R., 1978. On the statistics of grain size variation along a 
gravel river. Canadian Journal of Earth Sciences 15, 1151-1160. 
 
Church, M., Mark, D.M., 1980. On size and scale in geomorphology. Progress in 
Physical Geography 4, 342-390. 
 
Church, M., Jones, D., 1982. Channel bars in gravel-bed rivers. In: Hey, R.D., 
Bathurst, J.C. and Thorne, C.R. (Eds.), Gravel bed rivers. Wiley, Chichester, pp. 
291-338. 
 
Church, M., Slaymaker, O., 1989. Disequilibrium of Holocene sediment yield in 
glaciated British Columbia. Nature 337, 452-454. 
 
Clifford, N.J., 2008. River channel processes and forms. In: Burt, T.P., Chorley, 
R.J., Brunsden, D., Cox, N.J. and Goudie, A.S. (Eds.), The History of the Study of 
Landforms. Volume 4: Quaternary and Recent Processes and Forms (1890-1965) 
and the Mid-Century Revolutions. The Geological Society, London, pp. 1027. 
 
Clifford, N.J., Hardisty, J., French, J.R., Hart, S., 1993. Downstream variation in 
bed material characteristics: a turbulence-controlled form-process feedback 
mechanism. In: Best, J.L. and Bristow, C.S. (Eds.), Braided rivers. Special 
Publication of the Geological Society of London, pp. 89-104. 
 
Clifford, N.J., Soar, P.J., Harmar, O.P., Gurnell, A.M., Petts, G.E., Emery, J.C., 
2005. Assessment of hydrodynamic simulation results for eco-hydraulic and eco-
hydrological applications: a spatial semivariance approach. Hydrological 
Processes 19(18), 3631-3648. 
 
Cluckie, I.D., 2008. The Flood Risk Management Research Consortium (FRMRC). 
FRMRC, 7 pp. 
 
Colebrook, C.F., White, C.M., 1937. Experiments with fluid friction in roughened 
pipes. Proceedings of the Royal Society of London Series A - Mathematical 
Physical and Engineering Sciences 161, 367-379. 
 
Cook, H.L., 1935. Outline of the energetics of stream transport of solids. 
Transactions of the American Geophysical Union 16, 456-463. 
 
  
353 
Coulthard, T.J., 2001. Landscape evolution models: a software review. 
Hydrological Processes 15(1), 165-173. 
 
Coulthard, T.J., 2002. A cellular model of Holocene upland river basin and 
alluvial fan evolution. Earth Surface Processes and Landforms 27, 269-288. 
 
Coulthard, T.J., Macklin, M.G., 2001. How sensitive are river systems to climate 
and land-use changes? A model-based evaluation. Journal of Quaternary Science 
16(4), 347-351. 
 
Coulthard, T.J., Van de Wiel, M.J., 2006a. A cellular model of river meandering. 
Earth Surface Processes and Landforms 31, 123-132. 
 
Coulthard, T.J., Van de Wiel, M.J., 2006b. The Cellular Automaton Evolutionary 
Slope And River model. In: Wallerstein, N.P. (Ed.), Accounting for Sediment in 
Rivers - A Tool Box of Sediment Transport and Transfer Analysis Methods and 
Models to Support Hydromorphologically-Sustainable Flood Risk Management in 
the UK, Flood Risk Management Research Consortium Research Report UR9. 
FRMRC, United Kingdom, pp. 114-134. 
 
Coulthard, T.J., Van de Wiel, M.J., 2007. Quantifying fluvial non linearity and 
finding self organized criticality? Insights from simulations of river basin 
evolution. Geomorphology 91, 216±235. 
 
Coulthard, T.J., Kirkby, M.J., Macklin, M.G., 1998. Non-linearity and spatial 
resolution in a cellular automaton model of a small upland basin. Hydrology and 
Earth System Sciences 2(2-3), 257-264. 
 
Coulthard, T.J., Lewin, J., Macklin, M.G., 2005. Modelling differential catchment 
response to environmental change. Geomorphology 69, 222-241. 
 
Coulthard, T.J., Hicks, D.M., Van de Wiel, M.J., 2007. Cellular modelling of river 
catchments and reaches: Advantages, limitations and prospects. Geomorphology 
90, 192-207. 
 
Cowan, W.L., 1956. Estimating hydraulic roughness coefficients. Agricultural 
Engineering 37(7), 473-475. 
 
Cudden, J.R., Hoey, T.B., 2003. The causes of bedload pulses in a gravel channel: 
the implication of bedload grain-size distributions. Earth Surface Processes and 
Landforms 28, 1411±1428. 
 
Darby, S.E., Thorne, C.R., 1992. Impact of channelization on the Mimmshall 
Brook, Hertforshire, U.K. Regulated Rivers-Research & Management 7, 193-204. 
 
  
354 
Darby, S.E., Thorne, C.R., 2000. A river runs through it: morphological and land 
owner sensitivities along the Upper Missouri River, Montana. Transactions of the 
Institute of British Geographers 25, 91-107. 
 
Davis, J.C., 2002. Statistics and Data Analysis in Geology. John Wiley & Sons, 
New York, 638 pp. 
 
Davis, W.M., 1899. The geographical cycle. Geographical Journal 14, 481-504. 
 
Davis, W.M., 1902. Base-level, grade and peneplain. Journal of Geology 10, 77-
111. 
 
DEFRA, 2005. Making Space for Water: Taking forward a new Government 
strategy for flood and coastal erosion risk management in England, Department 
for the Environment Food and Rural Affairs, London. 
 
DEFRA/EA, 2004. Reducing uncertainty in river flood conveyance, Phase 2: 
Conveyance Manual. Project Record W5A-057/PR/1, Defra / Environment 
Agency - Flood and Coastal Defence R&D Programme. 
 
Dietrich, W.E., Smith, J.D., 1984. Bedload transport in a river meander. Water 
Resources Research 20, 1355-1380. 
 
Dingman, S.L., Sharma, K.P., 1997. Statistical development and validation of 
discharge equations for natural channels. Journal of Hydrology 199, 13-35. 
 
Dowman, I., Balan, P., Renner, K., Fischer, P., 2003. An evaluation of NEXTMap 
Terrain Data in the context of UK National Datasets. Department of Geomatic 
Engineering, University College London,, London, 18 pp. 
 
Downs, P.W., Priestnall, G., 1999. System design for catchment-scale approaches 
to studying river channel adjustments using a GIS. International Journal of 
Geographical Information Science 13(3), 247-266. 
 
Downs, P.W., Gregory, K.J., 2004. River channel management: Towards 
sustainable catchment hydrosystems. Arnold, London, 395 pp. 
 
Downs, P.W., Gregory, K.J., Brookes, A., 1991. How integrated is river basin 
management. Environmental Management 15(3), 299-309. 
 
Downward, S., Skinner, K., 2005. Working rivers: the geomorphological legacy of 
English freshwater mills. Area 37(2), 138-147. 
 
Doyle, M.W., Shields, C.A., 2008. An alternative measure of discharge 
effectiveness. Earth Surface Processes and Landforms 33, 308-316. 
 
  
355 
du Boys, M.P., 1879. Etudes du regime et l'action exercé par les eaux sur un lit a 
fond de gravier indéfiniment affouiable. Annales des Fonts et Chaussées 5(141-
195). 
 
EA, 2008. Severn Catchment Flood Management Plan, Environment Agency. 
 
EA, 2009. Report shows Welsh rivers are healthier than ever. 
http://www.environment-
agency.gov.uk/news/111266.aspx?page=5&month=9&year=2009. Environment 
Agency. Accessed 19th October 2009. 
 
Einstein, H.A., 1944. Bedload transportation in Mountain Creek. United States 
Department of Agriculture, Soil Conservation Service. Technical Bulletin, 55 pp. 
 
Einstein, H.A., Chien, N., 1955. Similarity of distorted river models with movable 
bed. Proceedings of the American Society of Civil Engineers 80. 
 
Emerson, J.W., 1971. Channelization: A Case Study. Science 173(3994), 325-326. 
 
Emery, J.C., Gurnell, A.M., Clifford, N.J., Petts, G.E., 2004. Characteristics and 
controls of gravel-bed riffles: An analysis of data from the river-habitat survey. 
Water and Environment Journal 18(4), 210-216. 
 
Emery, J.C., Gurnell, A.M., Clifford, N.J., Petts, G.E., Morrissey, I.P., Soar, P.J., 
2003. Classifying the hydraulic performance of riffle-pool bedforms for habitat 
assessment and river rehabilitation design. River Research and Applications 19(5-
6), 533-549. 
 
Englund, F., Hansen, E., 1967. A monograph on sediment transport in alluvial 
streams. Teknisk Vorlang, Copenhagen. 
 
Environment-Agency, 1998. River Geomorphology: A practical guide, National 
Centre for Risk Analysis and Options Appraisal, Environment Agency, London. 
 
EU, 2000. Directive 2000/60/EC of the European Parliament and of the Council 
establishing a framework for the Community action in the field of water policy. 
 
Exner, F.M., 1924. On river meanders (Includes untitled discussion by W. M. 
Davis). Geographical Review 14, 503-504. 
 
Exner, F.M., 1925. Uber die wechselwirkung zwischen wasser und geschiebe in 
flussen. Sitzungber der Akademie der Wissenscaften 165-180. 
 
Eyquem, J., 2007. Using fluvial geomorphology to inform integrated river basin 
management. Water and Environment Journal 21(1), 54-60. 
 
  
356 
Fenneman, N.M., 1936. Cyclic and non-cyclic aspects of erosion. Science 83, 87-
94. 
 
Ferguson, R.I., 2005. Estimating critical stream power for bedload transport 
calculations in gravel-bed rivers. Geomorphology 70(1-2), 33-41. 
 
Ferguson, R.I., 2007. Flow resistance equations for gravel and boulder bed 
streams. Water Resources Research 43, doi:10.1029/2006WR005422. 
 
Ferguson, R.I., Ashworth, P.J., 1991. Slope-induced changes in channel character 
along a gravel-bed stream: The Allt Dubhaig, Scotland. Earth Surface Processes 
and Landforms 16(1), 65-82. 
 
Ferguson, R.I., Church, M., Weatherly, H., 2001. Fluvial aggradation in Vedder 
River: testing a one-dimensional sedimentation model. Water Resources Research 
37(12), 3331±3347. 
 
Ferguson, R.I., Hoey, T.B., Wathen, S.J., Werritty, A., 1996. Field evidence for 
rapid downstream fining of river gravels through selective transport. Geology 
24(2), 179-182. 
 
Ferguson, R.I., Cudden, J.R., Hoey, T.B., Rice, S., 2006. River system 
discontinuities due to lateral inputs: generic styles and controls. Earth Surface 
Processes and Landforms 31, 1149-1166. 
 
Finlayson, D.P., Montgomery, D.R., 2003. Modelling large-scale fluvial erosion in 
geographic information systems. Geomorphology 53(1-2), 147-164. 
 
Fonstad, M.A., 2003. Spatial variation in the power of mountain streams in the 
Sangre de Cristo Mountains, New Mexico. Geomorphology 55(1-4), 75-96. 
 
FRMRC, 2004. The Flood Risk Management Research Consortium (FRMRC). 
FRMRC, 11 pp. 
 
FRMRC, 2006. Accounting for Sediment in Rivers, Flood Risk Management 
Research Consortium Research Report. FRMRC, 134 pp. 
 
FRMRC, 2008. The Flood Risk Management Research Consortium Final Report. 
FRMRC, 71 pp. 
 
Frostick, L.E., Reid, I., 1979. Drainage-net controls of sedimentary parameters in 
sand-bed ephemeral streams. In: Pitty, A.F. (Ed.), Geographical approaches to 
fluvial processes. Geobooks, Norwich, pp. 173-201. 
 
Gardiner, J.L., 1998. Environmentally sound river engineering: examples from the 
Thames catchment. Regulated Rivers-Research & Management 2, 445-469. 
 
  
357 
Garrett, A.H., 1909. Hydraulic tables and diagrams for practical engineers. 
Longmans, Green and Co., New York. 
 
Gibson, S.A., Little, C.D., Jr., 2006. Implementation of the Sediment Impact 
Assessment Model (SIAM) in HEC-RAS. In: Bernard, J.M. (Ed.), Eighth Federal 
Interagency Sedimentation Conference. Federal Interagency Subcommittee on 
Sedimentation, Reno, Nevada, pp. 65-72. 
 
Gilbert, G.K., 1877. Report on the geology of the Henry Mountains. United States 
Geological Survey Professional Paper, 160 pp. 
 
Gilbert, G.K., 1914. The transportation of debris by running water. United States 
Geological Survey Professional Paper 86. 
 
Gilbert, G.K., 1917. Hydraulic-mining debris in the Sierra Nevada. United States 
Geological Survey Professional Paper 105, 154 pp. 
 
Gill, D., 1970. Application of a Statistical Zonation Method to Reservoir 
Evaluation and Digitized-Log Analysis. Bulletin of the American Association of 
Petroleum Geologists 54(5), 719-729. 
 
Gilvear, D.J., 1999. Fluvial geomorphology and river engineering: future roles 
utilizing a fluvial hydrosystems framework. Geomorphology 31(1-4), 229-245. 
 
Gob, F., Houbrechts, G., Hiver, J.M., Petit, F., 2005. River dredging, channel 
dynamics and bedload transport in an incised meandering river (the River Semois, 
Belgium). River Research and Applications 21(7), 791-804. 
 
Gomez, B., 1991. Bedload transport. Earth-Science Reviews 31(2), 89-132. 
 
Gomez, B., 2006. The potential rate of bed-load transport. Proceedings of the 
National Academy of Sciences of the United States of America 103(46), 17170-
17173. 
 
Gomez, B., Church, M., 1988. A Catalogue of Equilibrium Bedload Transport 
Data For Coarse Sand and Gravel-Bed Channels. Department of Geography, 
University of British Columbia, British Columbia, Canada. 
 
Gomez, B., Church, M., 1989. An assessment of bed-load sediment transport 
formulas for gravel bed rivers. Water Resources Research 25(6), 1161-1186. 
 
Google, 2009. Google Maps Aerial Imagery (maps.google.com). 
 
Graf, W.H., 1971. Hydraulics of Sediment Transport. McGraw-Hill Book 
Company, London, 513 pp. 
 
  
358 
Graf, W.L., 1983. Downstream changes in stream power in the Henry Mountains, 
Utah. Annals of the Association of American Geographers 73(3), 373-387. 
 
Graf, W.L., 1994. Plutonium and the Rio Grande: Environmental change and 
contamination in the nuclear age. Oxford University Press, New York, 329 pp. 
 
Graf, W.L., 1996. Transport and deposition of plutonium-contaminated sediments 
by fluvial processes, Los Alamos Canyon, New Mexico. Geological Society of 
America Bulletin 108, 1342-1355. 
 
Green, T., 2006. Use of 1-D Sediment Models. In: Wallerstein, N.P. (Ed.), 
Accounting for Sediment in Rivers - A Tool Box of Sediment Transport and 
Transfer Analysis Methods and Models to Support Hydromorphologically-
Sustainable Flood Risk Management in the UK, Flood Risk Management Research 
Consortium Research Report UR9. FRMRC, United Kingdom, pp. 83-100. 
 
Grindley, J., 1970. Estimation and mapping of evaporation, Symposium on World 
Water Balance, pp. 200-213. 
 
Gustard, A., Bullock, A., Dixon, J.M., 1992. Low Flow Estimation in the United 
Kingdom (Report No. 108), Institute of Hydrology, Wallingford, UK. 
 
Guy, H.P., Simmons, D.B., Richardson, E.V., 1966. Summary of alluvial channel 
data from flume experiment, 1956-1961. . U.S. Geological Survey Professional 
Paper 462-I, 96 pp. 
 
Hack, J.T., 1960. Interpretation of erosional topography in humid temperate 
regions. American Journal of Science 258-A, 80-97. 
 
Harmar, O.P., Clifford, N.J., 2006. Planform dynamics of the Lower Mississippi 
River. Earth Surface Processes and Landforms 31, 825-843. 
 
Harmar, O.P., Clifford, N.J., 2007. Geomorphological explanation of the long 
profile of the Lower Mississippi River. Geomorphology 84, 222-240. 
 
Harmar, O.P., Clifford, N.J., Thorne, C.R., Biedenharn, D.S., 2005. Morphological 
changes of the Lower Mississippi River: Geomorphological response to 
engineering intervention. River Research and Applications 21, 1107-1131. 
 
Harper, D., Ferguson, A.J.D., 1995. The Ecological Basis for River Management. 
John Wiley, Chichester, 630 pp. 
 
Harper, D., Everard, M., 1998. Why should the habitat-level approach underpin 
holistic river survey and management? Aquatic Conservation-Marine and 
Freshwater Ecosystems 8(4), 395-413. 
 
  
359 
Harvey, A.M., 1991. The influence of sediment supply on the channel morphology 
of upland streams: Howgill Fells, Northwest England. Earth Surface Processes 
and Landforms 16(7), 675-684. 
 
Haschenburger, J.K., Wilcock, P.R., 2003. Partial transport in a natural gravel bed 
channel. Water Resources Research 39(1), 1020. 
 
Hawkins, D.M., Merriam, D.F., 1973. Optimal Zonation of Digitized Sequential 
Data. Mathematical Geology 5(4), 389-395. 
 
Hellweger, F.L., Maidment, D.R., 1999. Definition and connection of hydrologic 
elements using geographic data. Journal of Hydrologic Engineering 4(1), 10-18. 
 
Hendry, K., Cragg-Hine, D., O'Grady, M., Sambrook-Smith, H., Stephen, A., 
2003. Management of habitat for rehabilitation and enhancement of salmonid 
stocks. Fisheries Research 62(2), 171-192  
 
Henshaw, A., 2009. Impacts of land use changes and land management practices 
on upland catchment sediment dynamics: Pontbren, mid-Wales. Thesis [Ph.D. 
Dissertation], University of Nottingham, Nottingham, 256 pp. 
 
Hey, R.D., 1979. Dynamic process-response model of river channel development. 
Earth Surface Processes and Landforms 4(1), 59-72. 
 
Hey, R.D., 1988. Mathematical models of channel morphology. In: Anderson, 
M.G. (Ed.), Modelling Geomorphological Systems. Wiley, Chichester, pp. 99-125. 
 
Hjulström, F., 1935. Studies of the morphological activity of rivers as illustrated 
by the River Fyris. Bulletin of the Geological Institute, University of Uppsala 25, 
221-527. 
 
Hoey, T.B., 1992. Temporal variations in bedload transport rates and sediment 
storage in gravel-bed rivers. Progress in Physical Geography 16(319-338). 
 
Hoey, T.B., Ferguson, R.I., 1994. Numerical simulation of downstream fining by 
selective transport in gravel bed rivers: model development and illustration. Water 
Resources Research 30(7), 2251±2260. 
 
Hoey, T.B., Bishop, P., Ferguson, R.I., 2003. Testing numerical models in 
geomorphology: how can we ensure critical use of model predictions? In: 
Wilcock, P.R. and Iverson, R. (Eds.), Prediction in Geomorphology, AGU 
Geophysical Monograph. AGU, Washington, DC, pp. 241±256. 
 
Holmes, M.G.R., Young, A.R., Gustard, A., Grew, R., 2002a. A region of 
influence approach to predicting flow duration curves within ungauged 
catchments. Hydrology and Earth System Sciences 6(4), 721-731. 
 
  
360 
Holmes, M.G.R., Young, A.R., Gustard, A., Grew, R., 2002b. A new approach to 
estimating Mean Flow in the UK. Hydrology and Earth System Sciences 6(4), 709-
720. 
 
Hooke, J.M., 1999. Decades of change: contributions of geomorphology to fluvial 
and coastal engineering and management. Geomorphology 31, 373-389. 
 
Hooke, J.M., 2003. Coarse sediment connectivity in river channel systems, a 
conceptual framework and methodology. Geomorphology 56, 79-94. 
 
Howard, A.D., 1988. Equilibrium models in geomorphology. In: Anderson, M.G. 
(Ed.), Modelling Geomorphological Systems. John Wiley & Sons, London, pp. 
470. 
 
Hudson, P.F., Middelkoop, H., Stouthamer, E., 2008. Flood management along the 
Lower Mississippi and Rhine Rivers (The Netherlands) and the continuum of 
geomorphic adjustment. Geomorphology 101(1-2), 209-236. 
 
Huntingdon, S., Cluckie, I.D., Pender, G., Thorne, C.R., 2004. The Flood Risk 
Management Research Consortium - its formation and objectives., Proceedings of 
the 39th DEFRA Flood and Coastal Management Conference, York. Department 
for Environment, Food and Rural Affairs (Flood Management Division), London. 
 
Ikeda, H., 1983. Experiments on bedload transport, bed forms and sedimentary 
structures using fine gravel in the 4 metre wide flume. University of Tsukuba, 
Environmental Research Center. 
 
Inglis, C., 1949. The behaviour and control of rivers and canals. Research 
Publication of the Central Board of Irrigation of India 13. 
 
ISIS, 1999. ISIS Sediment User Manual. Halcrow / HR Wallingford, Swindon. 
 
Jackson, W.L., Beschta, R.L., 1982. A model of two-phase bedload transport in an 
Oregon coast range stream. Earth Surface Processes and Landforms 7, 517-527. 
 
Jain, V., Preston, N., Fryirs, K., Brierley, G., 2006. Comparative assessment of 
three approaches for deriving stream power plots along long profiles in the upper 
Hunter River catchment, New South Wales, Australia. Geomorphology 74, 297-
317. 
 
James, A., 1999. Time and the persistence of alluvium: River engineering, fluvial 
geomorphology, and mining sediment in California. Geomorphology 31(1-4), 265-
290. 
 
Johnson, J.W., 1943. Laboratory investigations on bedload transportation and bed 
roughness - Technical Paper 50, United States Agricultural Service, Soil 
Conservation Service. 
  
361 
 
Johnson, R.M., Warburton, J., 2002. Annual sediment budget of a UK mountain 
torrent. Geografiska Annaler Series A, Physical Geography 84(73-88). 
 
Kalinske, A.A., 1947. Movement of sediment as bed load in rivers. Transactions 
of the American Geophysical Union 24, 530-536. 
 
Keinholz, H., Lehmann, C., Guggisberg, C., Loat, R., Hegg, C., 1991. Bedload 
transport in Swiss Mountain torrents with respect to the disaster in 1987. 
Zeitschrift für Geomorphologie 983, 53-62. 
 
Keller, E.A., 1971. Areal sorting of bed load material: the hypothesis of velocity 
reversal. Bulletin of the Geological Society of America 83, 1531-1536. 
 
Kennedy, B.A., 1997. Classics Revisited: Schumm, S.A. and Lichty, R.W. 1965: 
Time, space and causality in geomorphology. American Journal of Science 263, 
110-19. Progress in Physical Geography 21(3), 419-423. 
 
Kennedy, R.G., 1895. The prevention of silting in irrigation canals. Minutes of the 
Proceedings of the Institute of Civil Engineers 119, 281-290. 
 
King, J., Emmett, W.W., Whiting, P.J., Kenworthy, R.P., Barry, J.J., 2004. 
Sediment transport data and related information for selected coarse-bed streams 
and rivers in Idaho: Gen. Tech. Rep. RMRS-GTR-131. U.S. Department of 
Agriculture, Forest Service, Rocky Mountain Research Station, Fort Collins, CO, 
26 pp. 
 
Kleinhans, M.G., Buskes, C.J.J., 2002. Philosophy of earth science; just sloppy 
physics?, Proceedings of NCR-days, pp. 36-37. 
 
Knighton, A.D., 1980. Longitudinal changes in size and sorting of stream-bed 
material in four English rivers. Geological Society of America Bulletin 91, 55-62. 
 
Knighton, A.D., 1987. River channel adjustment - the downstream dimension. In: 
Richards, K. (Ed.), River Channels: Environment and Process. Basil Blackwell, 
Oxford, pp. 352. 
 
Knighton, A.D., 1998. Fluvial Forms and Processes: A new perspective. Arnold, 
London, 383 pp. 
 
Knighton, A.D., 1999. Downstream variation in stream power. Geomorphology 
29(3-4), 293-306. 
 
Kondolf, G.M., Smeltzer, M.W., Railsback, S.F., 2001. Design and performance 
of a channel reconstruction project in a coastal California gravel-bed stream. 
Environmental Management 28(6), 761-776. 
 
  
362 
Kuenen, P.H., 1956. Experimental abrasion of pebbles. 2. Rolling by current. 
Journal of Geology 64, 336-368. 
 
Lacey, G., 1933-1934. Uniform flow in alluvial rivers and canals. Minutes of 
Proceedings of the Institution of Civil Engineers, London 237(1), 421-453. 
 
Lacey, G., 1939. Regime flow in incoherent alluvium. Central Board of Irrigation 
and Power, India. 
 
Lane, E.W., 1955a. Design of stable channels. Transactions of the American 
Society of Civil Engineers 120, 1234-1279. 
 
Lane, E.W., 1955b. The importance of fluvial morphology in hydraulic 
engineering. Proceedings of the American Society of Civil Engineers 81(1-17). 
 
Lane, S.N., Richards, K.S., 1997. Linking river channel form and process: Time, 
space and causality revisited. Earth Surface Processes and Landforms 22(3), 249-
260. 
 
Lane, S.N., Richards, K., 2001. The 'validation' of hydrodynamic models: Some 
critical perspectives. In: Anderson, M.G. and Bates, P. (Eds.), Model Validation: 
Perspectives in hydrological science. John Wiley & Sons, Chichester, pp. 413-
438. 
 
Lane, S.N., Chandler, J.H., 2003. Editorial: The generation of high quality 
topographic data for hydrology and geomorphology: new data sources, new 
applications and new problems. Earth Surface Processes and Landforms 28, 229-
230. 
 
Lane, S.N., Thorne, C.R., 2006. River Processes. In: Thorne, C.R., Evans, E.P. and 
Penning-Roswell, E. (Eds.), Future Flooding and Coastal Erosion Risks. Thomas 
Telford, London, pp. 82-99. 
 
Lane, S.N., Richards, K.S., Chandler, J.H., 1996. Discharge and sediment supply 
controls on erosion and deposition in a dynamic alluvial channel. Geomorphology 
15(1), 1-15. 
 
Lane, S.N., Hernandez, M., Nichols, M., 1997. Processes controlling sediment 
yield from watersheds as functions of spatial scale. Environmental Modelling 
Software 12(4), 355-369. 
 
Lane, S.N., Hardy, R.J., Yu, D., Tayefi, V., Reid, S.C., 2006. Climate change, 
sediment delivery and flood risk explored using two-dimensional inundation 
modelling. River Flow 2006, Vols 1 and 2, 2147-2156. 
 
  
363 
Lane, S.N., Tayefi, V., Reid, S.C., Yu, D., Hardy, R.J., 2007. Interactions between 
sediment delivery, channel change, climate change and flood risk in a temperate 
upland environment. Earth Surface Processes and Landforms 32(3), 429-446. 
 
Laursen, E.M., 1958. Total sediment load or streams. Journal of the Hydraulics 
Division - ASCE 84(HY1), 1530:1-1530:36. 
 
Lawler, D.M., 1992a. Process dominance in bank erosion systems. In: Carling, 
P.A. (Ed.), Lowland Floodplain Rivers: Geomorphological Perspectives. John 
Wiley & Sons Ltd, pp. 117-143. 
 
Lawler, D.M., 1992b. Design and installation of a novel automatic erosion 
monitoring-system. Earth Surface Processes and Landforms 17(5), 455-463. 
 
Lawler, D.M., Grove, J.R., Couperthwaite, J.S., Leeks, G.J.L., 1999. Downstream 
change in river bank erosion rates in the Swale-Ouse system, northern England. 
Hydrological Processes 13(7), 977-992. 
 
Lee, H., McIntyre, N.R., Wheater, H.S., Young, A.R., 2006. Predicting runoff in 
ungauged UK catchments. Proceedings of the Institution of Civil Engineers - 
Water Management 159(2), 129-138. 
 
Leeks, G.J.L., Marks, S.D., 1997. Dynamics of river sediments in forested 
headwater streams: Plynlimon. Hydrology and Earth System Sciences 1(3), 483-
497. 
 
Leopold, L.B., 1977. A reverence for rivers. Geology 5, 429-430. 
 
Leopold, L.B., Maddock, T., 1953. The Hydraulic Geometry of Stream Channels 
and Some Physiographic Implications. Professional Paper 252, United States 
Geological Survey. 
 
Leopold, L.B., Langbein, W.B., 1963. Association and indeterminacy in 
geomorphology. In: Albritton, C.C. (Ed.), The Fabric of Geology. Freeman, 
Cooper and Co., Stanford, California, pp. 184-192. 
 
Leopold, L.B., Emmett, W.W., 1976. Bedload measurements, East Fork River, 
Wyoming. Proceedings of the National Academy of Sciences of the United States 
of America 73, 1000-1004. 
 
Leopold, L.B., Bull, W.B., 1979. Base level, aggradation, and grade. Proceedings 
of the American Philosophical Society 123(3), 168-202. 
 
Leopold, L.B., Wolman, M.G., Millar, J.P., 1964. Fluvial Processes in 
Geomorphology. W. H. Freeman and Co, San Fransisco, 522 pp. 
 
  
364 
Lewin, J., 1987. Historical river channel changes. In: Gregory, K.J., Lewin, J. and 
Thornes, J.B. (Eds.), Palaeohydrology in Practice. Wiley, New York, pp. 161-174. 
 
Lewin, J., Longfield, S., 2010. Applied Fluvial Geomorphology in the UK: Notes 
from the Environment Agency sponsored expert workshop, Birmingham, 13 and 14 
January 2010. 
 
Lindley, E.S., 1919. Regime channels. Proceedings of the Punjab Engineering 
Congress 7. 
 
Little, J.M., 1940. Erosional Topography and Erosion. Upham and Rutledge Inc., 
San Fransisco. 
 
Mackin, J.H., 1948. Concept of the graded river. Bulletin of the Geological Society 
of America 59, 463-512. 
 
Mackin, J.H., 1963. Rational and empirical methods of investigation in geology. 
In: Albritton, C.C. (Ed.), The Fabric of Geology. Freeman, Cooper and Co., 
Stanford, California, pp. 135-163. 
 
Macklin, M.G., Lewin, J., 2003. River sediments, great floods and centennial-scale 
Holocene climate change. Journal of Quaternary Science 18(2), 101-105. 
 
Magilligan, F.J., 1992. Thresholds and the spatial variability of flood power during 
extreme floods. Geomorphology 5(3-5), 373-390. 
 
Manning, R., 1891. On the flow of water in open channels and pipes. Transactions 
of the Institution of Civil Engineers of Ireland 20, 161-207. 
 
Martin, Y., Church, M., 2000. Re-examination of Bagnold's empirical bedload 
formulae. Earth Surface Processes and Landforms 25(9), 1011-1024. 
 
Mavis, F.T., Laushey, L.M., 1949. Formula for velocity at beginning of bed-load 
movement is reappraised. Journal of Civil Engineering - ASCE 19(1), 38-39. 
 
Meade, R.H., 1985. Wave-like movement of bedload sediment, East Fork River, 
Wyoming. Environmental Geology 7, 215-225. 
 
Meade, R.H., Yuzyk, T.R., Day, J.T., 1990. Movement and storage of sediment in 
rivers of the United States and Canada. In: Wolman, M.G. and Riggs, H.C. (Eds.), 
Geology of North America: Surface Water Hydrology. Geological Society of 
America, Boulder, Colorado, pp. 255-280. 
 
Meyer-Peter, B., Muller, T., 1948. Formulas for bed load transport, Report on 
second meeting of International Association for Hydraulics Research. IAHR, 
Stockholm, pp. 39-64. 
 
  
365 
Meyer-Peter, E., Favre, H., Einstein, H., 1934. Neuere Versuchsresultate über den 
*HVFKLHEHEHWULHE¶>5HFHQWUHVXOWVIURPH[SHULPHQWVRQEHG-load movement]. 
Schweiz. Bauz. 103. 
 
Miller, J.R., Kochel, R.C., 2010. Assessment of channel dynamics, in-stream 
structures and post-project channel adjustments in North Carolina and its 
implications to effective stream restoration. Environmental Earth Sciences 59(8), 
1681-1692. 
 
Ming, Z.F., 1983. Hydraulic geometry of alluvial streams. Journal of Sedimentary 
Research 4, 75-84. 
 
Montgomery, D.R., Buffington, J.M., 1997. Channel-reach morphology in 
mountain drainage basins. Geological Society of America Bulletin 109(5), 596-
611. 
 
Montgomery, K., 1993. Non-linear dynamics and river meandering. Area(25), 97-
108. 
 
Murray, A.B., Paola, C., 1994. A Cellular-Model of Braided Rivers. Nature 
371(6492), 54-57. 
 
NERC, 1975. Flood studies report, Natural Environment Research Council 
(NERC), Wallingford, UK. 
 
NERC, 1980. Low flow studies report, Natural Environment Research Council 
(NERC), Wallingford, UK. 
 
Newson, M.D., 1980. The erosion of drainage ditches and its effect on bed-load 
yields in Mid-Wales - reconnaissance case studies. Earth Surface Processes and 
Landforms 5(3), 275-290. 
 
Newson, M.D., 1992. Land, Water and Development: River basin systems and 
their sustainable management. Routledge, London, 351 pp. 
 
Newson, M.D., 2002. Geomorphological concepts and tools for sustainable river 
ecosystem management. Aquatic Conservation-Marine and Freshwater 
Ecosystems 12(4), 365-379. 
 
Newson, M.D., Newson, C.L., 2000. Geomorphology, ecology and river channel 
habitat: mesoscale approaches to basin-scale challenges. Progress in Physical 
Geography 24, 195-217. 
 
Newson, M.D., Large, A.R.G., 2006. 'Natural' rivers, 'hydromorphological quality' 
and river restoration: a challenging new agenda for applied fluvial 
geomorphology. Earth Surface Processes and Landforms 31(13), 1606-1624. 
 
  
366 
Newson, M.D., Gardiner, J.L., Slater, S., 2000. Planning and managing for the 
future. In: Acreman, M. (Ed.), The hydrology of the UK. Routledge, London, pp. 
244-269. 
 
Newson, M.D., Clark, M.J., Sear, D.A., Brookes, A., 1998. The geomorphological 
basis for classifying rivers. Aquatic Conservation-Marine and Freshwater 
Ecosystems 8(4), 415-430. 
 
Nicholas, A.P., 2005. Cellular modelling in fluvial geomorphology. Earth Surface 
Processes and Landforms 30(5), 645-649. 
 
Nicholas, A.P., Ashworth, P.J., Kirkby, M.J., Macklin, M.G., Murray, T., 1995. 
Sediment slugs: large-scale fluctuations in fluvial sediment transport rates and 
storage volumes. Progress in Physical Geography 19, 500-519. 
 
Nixon, M., 1959. A study of bankfull discharges of rivers in England and Wales. 
Proceedings of the Institution of Civil Engineers 12, 157-174. 
 
Nordin, C.F.J., Beverage, J.P., 1965. Sediment transport in the Rio Grande New 
Mexico. US Geological Survey Professional Paper 462-F, 35 pp. 
 
O'Connell, P.E., Beven, K.J., Carney, J.N., Clements, R.O., Ewen, J., Fowler, H., 
Harris, G.L., Hollis, J., Morris, J., O'Donnell, G.M., Packman, J.C., Parkin, A., 
Quinn, P.F., Rose, S.C., Shepher, M., Tellier, S., 2005. Review of impacts of rural 
land use and management on flood generation: Impact study report. FD2114/TR, 
Department of the Environment, Farming and Rural Affairs R&D. 
 
Olsen, N.R.B., 2003. 3D CFD Modeling of a Self-Forming Meandering Channel. 
Journal of Hydraulic Engineering - ASCE 129(5), 366-372. 
 
Oreskes, N., Belitz, K., 2001. Philosophical issues in model assessment. In: 
Anderson, M.G. and Bates, P. (Eds.), Model Validation: Perspectives in 
hydrological science. John Wiley & Sons, Chichester, pp. 23-41. 
 
Oreskes, N., Shrader-Frechette, K., Belitz, K., 1994. Verification, Validation, and 
Confirmation of Numerical Models in the Earth Sciences. Science 263, 641-646. 
 
Ormerod, S.J., 2004. Editorial: A golden age of river restoration science? Aquatic 
Conservation-Marine and Freshwater Ecosystems 14, 543-549. 
 
Orr, H.G., Large, A.R.G., Newson, M.D., Walsh, C.L., 2008. A predictive 
typology for characterising hydromorphology. Geomorphology 100, 32-40. 
 
OS, 2001. OS Master Map real-world object catalogue. Ordnance Survey, 566 pp. 
 
Osman, A.M., Thorne, C.R., 1988. Riverbank stability analysis. I. Theory. Journal 
of Hydraulic Engineering - ASCE 114, 134-150. 
  
367 
 
Paintal, A.S., 1971. Concept of critical shear stress in loose boundary open 
channels. Journal of Hydraulic Research 9, 91-113. 
 
Park, C.C., 1977. World-wide variations in hydraulic geometry exponents of 
stream channels - analysis and some observations. Journal of Hydrology 33(1-2), 
133-146. 
 
Parker, C., Simon, A., Thorne, C.R., 2008. The effects of variability in bank 
material properties on riverbank stability: Goodwin Creek, Mississippi. 
Geomorphology 101, 533-543. 
 
Parker, C., Clifford, N.J., Thorne, C.R., in review. Revisiting critical stream 
power: understanding the most appropriate means of predicting the threshold of 
motion. Geomorphology. 
 
Parker, G., 1991. Selective sorting and abrasion of river gravel. I: Theory. Journal 
of Hydraulic Engineering - ASCE 117, 131-149. 
 
Parker, G., Klingeman, P.C., McLean, D.G., 1982. Bedload and size distribution in 
paved gravel-bed streams. Journal of the Hydraulics Division - ASCE 108, 544-
571. 
 
Paz, A.R., Collischonn, W., 2007. River reach length and slope estimates for large-
scale hydrological models based on a relatively high-resolution digital elevation 
model. Journal of Hydrology 343, 127-139. 
 
Petit, F., Gob, F., Houbrechts, G., Assani, A.A., 2005. Critical specific stream 
power in gravel-bed rivers. Geomorphology 69(1-4), 92-101. 
 
Phillips, J.D., 2003. Sources of nonlinearity and complexity in geomorphic 
systems. Progress in Physical Geography 27(1), 1-23. 
 
Phillips, J.D., 2009. Changes, perturbations, and responses in geomorphic systems. 
Progress in Physical Geography 33(1), 17-30. 
 
Pinter, N., Heine, R.A., 2005. Hydrodynamic and morphodynamic response to 
river engineering documented by fixed-discharge analysis, Lower Missouri River, 
USA. Journal of Hydrology 302(1-4), 70-91. 
 
Powell, D.M., 1998. Patterns and processes of sediment sorting in gravel-bed 
rivers. Progress in Physical Geography 22, 1-32. 
 
Prosser, I.P., Rustomji, P., Young, B., Moran, C., Hughes, A., 2001. Constructing 
River Basin Sediment Budgets for the National Land and Water Resources Audit. 
15/01, CCIRO Land and Water Technical Report. 
 
  
368 
Prudhomme, C., Joakob, D., Svensson, C., 2003. Uncertainty and climate change 
impact on the flood regime of small UK catchments. Journal of Hydrology 277, 1-
23. 
 
Rana, S.A., Simons, D.B., Mahmood, K., 1973. Analysis of sediment sorting in 
alluvial channels. Journal of the Hydraulics Division - ASCE 99, 1967-1980. 
 
Raven, E.K., Lane, S.N., Ferguson, R.I., Bracken, L.J., 2009. The spatial and 
temporal patterns of aggradation in a temperate, upland, gravel-bed river. Earth 
Surface Processes and Landforms 34(9), 1181-1197. 
 
Raven, P.J., Boon, P.J., Dawson, F.H., Ferguson, A.J.D., 1998a. Towards an 
integrated approach to classifying and evaluating rivers in the UK. Aquatic 
Conservation-Marine and Freshwater Ecosystems 8(4), 383-393. 
 
Raven, P.J., Holmes, N.T.H., Dawson, F.H., Everard, M., 1998b. Quality 
assessment using River Habitat Survey data. Aquatic Conservation-Marine and 
Freshwater Ecosystems 8(4), 477-499. 
 
Raven, P.J., Holmes, N.T.H., Charrier, P., Dawson, F.H., Naura, M., Boon, P.J., 
2002. Towards a harmonized approach for hydromorphological assessment of 
rivers in Europe: a qualitative comparison of three survey methods. Aquatic 
Conservation-Marine and Freshwater Ecosystems 12(4), 405-424. 
 
Reid, I., Laronne, J.B., 1995. Bed-load sediment transport in an ephemeral stream 
and a comparison with seasonal and perennial counterparts. Water Resources 
Research 31(3), 773-781. 
 
Reid, I., Frostick, L.E., Layman, J.T., 1985. The incidence and nature of bedload 
transport during flood flows in coarse-grained alluvial channels. Earth Surface 
Processes and Landforms 10(1), 33-44. 
 
Reid, S.C., Lane, S.N., Montgomery, D.R., Brookes, C.J., 2007. Does hydrological 
connectivity improve modelling of coarse sediment delivery in upland 
environments? Geomorphology 90, 263-282. 
 
Reinfelds, I., Cohen, T., Batten, P., Brierley, G., 2004. Assessment of downstream 
trends in channel gradient, total and specific stream power: a GIS approach. 
Geomorphology 60(3-4), 403-416. 
 
Rhoads, B., 1987a. Changes in stream channel characteristics at tributary 
junctions. Physical Geography 8, 346-361. 
 
Rhoads, B., 1991. A continuously varying parameter model of downstream 
hydraulic geometry. Water Resources Research 27, 1865±1872. 
 
  
369 
Rhoads, B.L., 1987b. Stream power terminology. Professional Geographer 39(2), 
189-195. 
 
Rhodes, D.D., 1987. The B-F-M diagram for downstream hydraulic geometry. 
Geografiska Annaler Series A-Physical Geography 69(1), 147-161. 
 
Rice, S., 1994. Towards a model of changes in bed material texture at the drainage 
basin scale. In: Kirkby, M.J. (Ed.), Process models and theoretical 
geomorphology. Wiley, Chichester, pp. 159-172. 
 
Rice, S., 1998. Which tributaries disrupt downstream fining along gravel-bed 
rivers? Geomorphology 22, 39-56. 
 
Rice, S., 1999. The nature and controls on downstream fining within sedimentary 
links. Journal of Sedimentary Research 69, 32-39. 
 
Rice, S., Church, M., 1996. Bed material texture in low order streams on the 
Queen Charlotte Islands, British Columbia. Earth Surface Processes and 
Landforms 21(1), 1-18. 
 
Rice, S., Church, M., 1998. Grain size along two gravel-bed rivers: Statistical 
variation, spatial pattern and sedimentary links. Earth Surface Processes and 
Landforms 23(4), 345-363. 
 
Rice, S.P., Greenwood, M.T., Joyce, C.B., 2001. Tributaries, sediment sources, 
and the longitudinal organisation of macroinvertebrate fauna along river systems. 
Canadian Journal of Fisheries and Aquatic Science 58(4), 824-840. 
 
Richards, J.L., 1995. The History of Mathematics and L'esprit humain: A Critical 
Reappraisal. Osiris 10, 122-135. 
 
Richards, K., 1977. Slope form and basal stream relationships: some further 
comments. Earth Surface Processes 2, 87-95. 
 
Richards, K., 1980. A note on changes in channel geometry at tributary junctions. 
Water Resources Research 16, 241-244. 
 
Richards, K., 2004. Rivers: Forms and Processes in Alluvial Channels. The 
Blackburn Press, Caldwell. New Jersey, 361 pp. 
 
Richards, K., Clifford, N.J., 1991. Fluvial geomorphology: structured beds in 
gravelly rivers. Progress in Physical Geography 15, 407-422. 
 
Roberts, C.R., 1989. Flood frequency and urban-induced channel change: some 
British examples. In: Beven, K. and Carling, P.A. (Eds.), Floods: hydrological, 
sedimentological and geomorphological implications. Wiley, Chichester, pp. 57-
82. 
  
370 
 
Ronco, P., Fasolato, G., Nones, M., Di Silvio, G., 2010. Morphological effects of 
damming on lower Zambezi River. Geomorphology 115(1-2), 43-55. 
 
Rosati, J.D., Carlson, B.D., Davis, J.E., Smith, T.D., 2001. The Corps of 
Engineers' National Regional Sediment Management Demonstration Program. 
ERDC/CHL CHETN-XIV-1, U.S. Army Engineer Research and Development 
Center, Vicksburg, MS. 
 
Rubey, W.W., 1938. The force required to move particles on a stream bed. United 
States Geological Survey Professional Paper 189E, 121-141. 
 
Ryan, S.E., Porth, L.S., Troendle, C.A., 2002. Defining phases of bedload 
transport using piecewise regression. Earth Surface Processes and Landforms 27, 
971-990. 
 
Ryan, S.E., Porth, L.S., Troendle, C.A., 2005. Coarse sediment transport in 
mountain streams in Colorado and Wyoming, USA. Earth Surface Processes and 
Landforms 30, 269-288. 
 
Sack, D., 2002. The educational value of the history of geomorphology. 
Geomorphology 47, 313-323. 
 
Sarker, M.H., Thorne, C.R., 2006. Morphological Response of the Brahmaputra-
Padma-Lower Meghna River System to the Assam Earthquake of 1950 In: 
Sambrook-Smith, G.H., Best, J.L., Bristow, C.S., Petts, G. and Jarvis, I. (Eds.), 
Braided Rivers: Process, Deposits, Ecology and Management Wiley-Blackwell. 
 
Schmidt, J.C., Parnell, R.A., Grams, P.E., Hazel, J.E., Kaplinski, M.A., Stevens, 
L.E., Hoffnagle, T.L., 2001. The 1996 controlled flood in Grand Canyon: Flow, 
sediment transport, and geomorphic change. Ecological Applications 11(3), 657-
671. 
 
Schmidt, K.H., 1994. River channel adjustment and sediment budget in response 
to a catastrophic flood event (Lainbach catchment, Southern Bavaria). In: Schmidt, 
K.H. and Ergenzinger, P. (Eds.), Dynamics and Geomorphology of Mountain 
Rivers. Springer-Verlag, London. 
 
Schmidt, L.J., Potyondy, J.P., 2004. Quantifying channel maintenance instream 
flows: an approach for gravel-bed streams in the Western United States. Gen. 
Tech. Rep. RMRS-GTR-128, U.S. Department of Agriculture, Forest Service, 
Rocky Mountain Research Station, Fort Collins, Colorado. 
 
Schumm, S.A., 1960. The shape of alluvial channels in relation to sediment type. 
United States Geological Survey Professional Paper 352-B, 17-30. 
 
  
371 
Schumm, S.A., 1963. A tentative classification of alluvial river channels: an 
examination of similarities and differences among some Great Plains rivers. 
United States Geological Survey Circular 477, 1-10. 
 
Schumm, S.A., 1968. River adjustment to altered hydrologic regimen ± 
Murrumbidgee River and Paleochannels, Australia. United States Geological 
Survey Professional Paper 598. 
 
Schumm, S.A., 1969. River metamorphosis. Journal of the Hydraulics Division - 
ASCE 95(HY1), 255-273. 
 
Schumm, S.A., 1971. Fluvial geomorphology: the historical perspective. In: Shen, 
H.W. (Ed.), River mechanics. H. W. Shen, Fort Collins, Colorado, pp. 4-1-4-30. 
 
Schumm, S.A., 1973. Geomorphic thresholds and complex response of drainage 
systems. In: Morisawa, M. (Ed.), Fluvial Geomorphology. State University of New 
York, Binghampton, pp. 299-310. 
 
Schumm, S.A., 1975. Episodic erosion: A modification of the geomorphic cycle. 
In: Melhorn, W.N. and Flemal, R.C. (Eds.), Theories of Landform Development. 
SUNY, Binghampton, pp. 69-85. 
 
Schumm, S.A., 1977. The Fluvial System. Wiley-Interscience, New York. 
 
Schumm, S.A., Lichty, R.W., 1965. Time space and causality in geomorphology. 
American Journal of Science 263(2), 110-. 
 
Schumm, S.A., Khan, H.R., 1972. Experimental study of channel patterns. 
Geological Society of America Bulletin 83, 1755-1770. 
 
Schumm, S.A., Stevens, M.A., 1973. Abrasion in place: a mechanism for rounding 
and size reduction of coarse sediments in rivers. Geology 1, 37-40. 
 
Sear, D., Newson, M.D., Thorne, C.R., 2010. Guidebook of Applied Fluvial 
Geomorphology. Thomas Telford, London, 262 pp. 
 
Sear, D.A., 1992. Mimmshall Brook: Geomorphological Assessment. Unpublished 
report to Thames Region NRA. 
 
Sear, D.A., Newson, M.D., Brookes, A., 1995. Sediment-related river maintenance 
- the role of fluvial geomorphology. Earth Surface Processes and Landforms 
20(7), 629-647. 
 
Sear, D.A., Newson, M.D., Thorne, C.R., 2003. Guidebook of Applied Fluvial 
Geomorphology. Environment Agency R&D Dissemination Centre, Swindon, 464 
pp. 
 
  
372 
Seddon, J.A., 1896. Some considerations of the relation of bedload to the variables 
in river hydraulics. Journal of the Association of Engineering Society 5, 127-134. 
 
Shaler, N.S., 1899. Spacing of rivers with reference the hypotheses of 
baselevelling. Bulletin of the Geological Society of America 10, 263-276. 
 
Shields, A., 1936. Anwedung der Aehnlichkeitmechanik und der 
turbulenzforschung auf die geschiebebewegung (English Translation). Mitteilung 
der Preussischen versuchsanstalt fuer Wasserbau und Schiffbau, Heft 26, Berlin. 
 
Shields, F.D., Knight, S.S., Cooper, C.M., 1998. Rehabilitation of aquatic habitats 
in warmwater streams damaged by channel incision in Mississippi. Hydrobiologia 
382, 63-86. 
 
Shields, F.D., Copeland, R.R., Klingeman, P.C., Doyle, M.W., Simon, A., 2003. 
Design for stream restoration. Journal of Hydraulic Engineering - ASCE 129(8), 
575-584. 
 
Simon, A., 1989. A model of channel response in disturbed alluvial channels. 
Earth Surface Processes and Landforms 14(1), 11-26. 
 
Simon, A., Thorne, C.R., 1996. Channel adjustment of an unstable coarse-grained 
stream: Opposing trends of boundary and critical shear stress, and the applicability 
of extremal hypotheses. Earth Surface Processes and Landforms 21(2), 155-180. 
 
Simon, A., Curini, A., Darby, S.E., Langendoen, E.J., 2000. Bank and near-bank 
processes in an incised channel. Geomorphology 35(3-4), 193-217. 
 
Simon, A., Bankhead, N., Mahacek, V., Langendoen, E.J., 2009. Quantifying 
Reductions of Mass-Failure Frequency and Sediment Loadings from Streambanks 
Using Toe Protection and Other Means: Lake Tahoe, USA. Journal of the 
American Water Resources Association 45(1), 1-17. 
 
Simons, D.B., Senturk, F., 1992. Sediment Transport Technology. Water 
Resources Publications, Littleton, Colorado, 896 pp. 
 
Simpson, G.G., 1963. Historical science. In: Albritton, C.C. (Ed.), The Fabric of 
Geology. Freeman, Cooper and Co., Stanford, CA. 
 
Smith, L.M., Winkley, B.R., 1996. The response of the Lower Mississippi River to 
river engineering. Engineering Geology 45(1-4), 433-455. 
 
Soar, P., Thorne, C.R., 2001. Channel restoration design for meandering rivers. 
Report No. ERDC/CHL CR-01-1. U.S. Army Engineer Research and Development 
Center, Vicksburg, Mississippi. 
 
  
373 
Soar, P.J., 2000. Channel Restoration Design for Meandering Rivers. Thesis 
[Ph.D. Dissertation], University of Nottingham, Nottingham, U.K., 388 pp. 
 
Soulsby, C., Youngson, A.F., Moir, H.J., Malcom, I.A., 2001. Fine sediment 
influence on salmonid spawning habitat in a lowland agricultural stream: a 
preliminary assessment. The Science of The Total Environment 265, 295-307. 
 
Stelczer, K., 1981. Bedload transport, Theory and Practice. Water Resources 
Publications, Colorado, 295 pp. 
 
Stott, T., Mount, N., 2004. Plantation forestry impacts on sediment yields and 
downstream channel dynamics in the UK: a review. Progress in Physical 
Geography 28(2), 197-240. 
 
Stover, S.C., Montgomery, D.R., 2001. Channel change and flooding, Skokomish 
River, Washington. Journal of Hydrology 243(3-4), 272-286. 
 
Straub, L.G., 1933. On dynamics of streams. Transactions of the American 
Geophysical Union 14, 379-388. 
 
Strickler, A., 1923. Beitrag zur Frage der Geschindigheitsformel und der 
Rauhigkeitzahlen fur Strome, Kanale und Geschlossene Leitungen, Mitteilungen 
des Eidgenossischer Amtes fur Wasserwirtschaft, Bern, Switzerland. 
 
Talbot, T., Lapointe, M., 2002. Numerical modeling of gravel bed river response 
to meander straightening: the coupling between the evolution of bed pavement and 
long profile. Water Resources Research 38(6), doi:10.1029/2001WR000330. 
 
Task_Force_on_Friction_Factors_in_Open_Channels, 1963. Friction factors in 
open channels. Journal of the Hydraulics Division-Asce 89, 97-143. 
 
Thomas, R., Nicholas, A.P., 2002. Simulation of braided flow using a new cellular 
routing scheme. Geomorphology 43, 179-195. 
 
Thorne, C.R., 1982. Processes and mechanisms of river bank erosion. In: Hey, 
R.D., Bathurst, J.C. and Thorne, C.R. (Eds.), Gravel-bed Rivers. Wiley, 
Chichester, pp. 227-259. 
 
Thorne, C.R., 1998. Stream Reconnaissance Handbook: Geomorphological 
Investigation and Analysis of River Channels. John Wiley & Sons, Chichester, 133 
pp. 
 
Thorne, C.R., Bathurst, J.C., Hey, R.D., 1987. Sediment transport in gravel-bed 
rivers. John Wiley & Sons, Chichester, 1012 pp. 
 
Thorne, C.R., Wallerstein, N.P., Soar, P., 2006. Accounting for Sediment in 
Rivers: The FRMRC Toolbox of Methods and Models. In: Wallerstein, N.P. (Ed.), 
  
374 
Accounting for Sediment in Rivers - A Tool Box of Sediment Transport and 
Transfer Analysis Methods and Models to Support Hydromorphologically-
Sustainable Flood Risk Management in the UK, Flood Risk Management Research 
Consortium Research Report UR9. FRMRC, United Kingdom, pp. 1-12. 
 
Thorne, C.R., Evans, E.P., Penning-Roswell, E., 2007. Future flooding and coastal 
erosion risks. Thomas Telford, London, 514 pp. 
 
Thorne, C.R., Soar, P., Hey, R.D., Watson, C.C., 1998. Dominant discharge 
calculation: A practical guide. , Department of Geography, University of 
Nottingham. 
 
Thorne, C.R., Skinners, K., Priestnall, G., Soar, P., 2004. Accounting for sediment 
dynamics in redesigning a flood management scheme, Proceedings of the Ninth 
International Symposium on River Sedimentation. Tsinghua University Press, 
Yichang, China. 
 
Thorne, C.R., Soar, P., Skinner, K., Sear, D.A., Newson, M., 2010. Driving 
processes II. Investigation, characterising and managing river sediment dynamics. 
In: Sear, D.A., Newson, M. and Thorne, C.R. (Eds.), Guidebook of applied fluvial 
geomorphology. Thomas Telford Ltd, London, pp. 120-195. 
 
Toffaleti, F.B., 1968. A procedure for computation of total river sand discharge 
and details distribution. Technical Report Number 5. Committee on Channel 
Stabilization, U.S. Army Corps of Engineers. 
 
Vaughan, I.P., Diamond, M., Gurnell, A.M., Hall, K.A., Jenkins, A., Milner, N.J., 
Naylor, L.A., Sear, D.A., Woodward, G., Ormerod, S.J., 2009. Integrating ecology 
with hydromorphology: a priority for river science and management. Aquatic 
Conservation-Marine and Freshwater Ecosystems 19(1), 113-125. 
 
Verhaar, P.M., Biron, P.M., Ferguson, R.I., Hoey, T.B., 2008. A modified 
morphodynamic model for investigating the response of rivers to short-term 
climate change. Geomorphology 101(4), 674-682. 
 
Versteeg, H.K., Malalasekera, W., 1995. An introduction to computational fluid 
dynamics: The finite volume method. Prentice Hall, London, 272 pp. 
 
Wainwright, J., Mulligan, M., 2004. Modelling and model building. In: 
Wainwright, J. and Mulligan, M. (Eds.), Environmental modelling: Finding 
simplicity in complexity. John Wiley & Sons, Chichester, pp. 7-73. 
 
Walker, J., 2001. The use of sediment modelling techniques to address the 
differing needs of management on the River Eden, Cumbria, UK. Journal of the 
Chartered Institution of Water and Environmental Management 15(4), 252-257. 
 
  
375 
Wallerstein, N.P. (Ed.), 2006. Accounting for Sediment in Rivers - A Tool Box of 
Sediment Transport and Transfer Analysis Methods and Models to Support 
Hydromorphologically-Sustainable Flood Risk Management in the UK, Flood 
Risk Management Research Consortium Research Report UR9. FRMRC, United 
Kingdom, 134 pp. 
 
Wallerstein, N.P., Soar, P., 2006. River Energy Audit Scheme (REAS). In: 
Wallerstein, N.P. (Ed.), Accounting for Sediment in Rivers - A Tool Box of 
Sediment Transport and Transfer Analysis Methods and Models to Support 
Hydromorphologically-Sustainable Flood Risk Management in the UK, Flood Risk 
Management Research Consortium Research Report UR9. FRMRC, United 
Kingdom, pp. 44-82. 
 
Wallerstein, N.P., Soar, P., Thorne, C.R., 2006. River Energy Auditing Scheme 
(REAS) for catchment flood management planning. In: Ferreira, R.M.L., Alves, 
E.C.T.L., Leal, J.G.A.B. and Cardosa, A.H. (Eds.), River Flow 2006. Taylor & 
Francis, Lisbon, Portugal. 
 
Walling, D.E., 1999. Linking land use, erosion and sediment yields in river basins. 
Hydrobiologia 410, 223-240. 
 
Walling, D.E., Webb, B.W., 1996. Erosion and sediment yield: a global overview. 
In: Walling, D.E. and Webb, B.W. (Eds.), Erosion and Sediment Yield: Global and 
Regional Perspectives (Proceedings of the IAHS Exeter Symposium, July 1996). 
IAHS Press, Institute of Hydrology, Wallingford, pp. 586. 
 
Warner, R.F., 1987. Spatial adjustments to temporal variations in flood regime in 
some Australian rivers. In: Richards, K.S. (Ed.), River channels: environment and 
process. Blackwell, Oxford, pp. 14-40. 
 
Warner, R.F., 1994. A theory of channel and floodplain responses to alternating 
regimes and its application to actual adjustments in the Hawkesbury River, 
Australia. In: Kirkby, M.J. (Ed.), Process models and theoretical geomorphology. 
Wiley, Chichester, pp. 173-200. 
 
Webster, R., 1973. Automatic soil-boundary location from transect data. 
Mathematical Geology 5(1), 27-37. 
 
Wechsler, S., 2006. Uncertainties associated with digital elevation models for 
hydrologic applications: a review. Hydrology and Earth System Sciences 10, 
2343±2384. 
 
Whiting, P.J., Dietrich, W.E., Leopold, L.B., Drake, T.G., Shreve, R.L., 1988. 
Bedload sheets in heterogeneous sediment. Geology 16, 105-108. 
 
Wilcock, P.R., 1987. Bed-load transport of mixed-size sediment. Thesis [Ph.D. 
Dissertation], Massachusetts Institute of Technology, Cambridge. 
  
376 
 
Wilcock, P.R., 1993. Critical shear stress of natural sediments. Journal of 
Hydraulic Engineering - ASCE 19(4), 491-505. 
 
Wilcock, P.R., 1998. Two-fraction model of initial sediment motion in gravel-bed 
rivers. Science 280(5362), 410-412. 
 
Wilcock, P.R., 2001. Toward a practical method for estimating sediment-transport 
rates in gravel-bed rivers. Earth Surface Processes and Landforms 26(13), 1395-
1408. 
 
Wilcock, P.R., Kenworthy, R.P., 2002. A two-fraction model for the transport of 
sand/gravel mixtures. Water Resources Research 38(10), 
doi:10.1029/2001WR000684. 
 
Wilcock, P.R., Crowe, J.C., 2003. Surface-based transport model for mixed-size 
sediment. Journal of Hydraulic Engineering - ASCE 129(2), 120-128. 
 
Wilcock, P.R., Kenworthy, S.T., Crowe, J.C., 2001. Experimental study of the 
transport of mixed sand and gravel. Water Resources Research 37(12), 3349-3358. 
 
Williams, G.P., 1969. Flume experiments on the transport of a coarse sand. U.S. 
Geological Survey Professional Paper 562-B, 31 pp. 
 
Williams, G.P., Wolman, M.G., 1984. Downstream effects of dams on alluvial 
rivers. United States Geological Survey Professional Paper 1286. 
 
Winkley, B.R., 1972. River regulation with the aid of nature, Transactions of the 
Eighth Congress on Irrigation and Drainage, Varna, Bulgaria, 17-27 May 1972. 
International Commission on Irrigation and Drainage, New Delhi, India, pp. 43-
57. 
 
Wishart, D., Warburton, J., Bracken, L., 2008. Gravel extraction and planform 
change in a wandering gravel-bed river: The River Wear, Northern England. 
Geomorphology 94(1-2), 131-152. 
 
Wolman, M.G., Miller, J.P., 1960. Magnitude and frequency of forces in 
geomorphic processes. Journal of Geology 68(1), 54-74. 
 
Wolman, M.G., Gerson, R., 1977. Relative scales of time and effectiveness of 
climate in watershed geomorphology. Geomorphology 3(2), 189-208. 
 
Wolman, M.G., Emmett, W.W., Whiting, P.J., Thomas, R., King, J., 1997. United 
6WDWHV¶H[SHUWUHSRUWGLVFORVLQJPHWKRGRORJLHVIRUTXDQWLILFDWLRQRIRUJDQLFDFW
claims. Consolidated Subcase No. 63-25243. Prepared for the Court, 121 pp. 
 
  
377 
Yang, C.T., 1972. Unit stream power and sediment transport. Journal of the 
Hydraulics Division - ASCE 98, 1802-1826. 
 
Yang, C.T., 1979. Unit stream power equations for total load. Journal of 
Hydrology 40(1-2), 123-138. 
 
Yang, C.T., 1996. Sediment Transport: Theory and Practice. McGraw-Hill, 
London, 412 pp. 
 
Yang, C.T., 2006. Erosion and Sedimentation Manual. U.S. Department of the 
Interior - Bureau of Reclamation, Denver, Colorado. 
 
Yang, C.T., Molinas, A., Wu, B.S., 1996. Sediment transport in the Yellow River. 
Journal of Hydraulic Engineering - ASCE 122(5), 237-244. 
 
Young, A.R., Gustard, A., Bullock, A., Sekulin, A.E., Croker, K.M., 2000. A river 
network based hydrological model for predicting natural and influenced flow 
statistics at ungauged sites: Micro LOW FLOWS. Science of the Total 
Environment 251, 293-304. 
 
 
 
  
  
378 
APPENDICES 
 
 
Both Appendix A and Appendix B are included as digital appendices on 
the attached compact disc. 
 
 
Appendix A: Collated bed-load transport datasets 
 
This appendix consists of a Microsoft Excel 2003 workbook containing all 
of the bed-load transport datasets used to derive the bed surface material transport 
equation in Chapter Six. 
 
 
Appendix B: ST:REAM version 5 ± model with data 
 
This appendix contains the latest working version of ST:REAM, the model 
developed and assessed within this thesis. The model is currently based within a 
Microsoft Excel 2003 Workbook, written in Microsoft Visual Basic for 
Applications. Included within the model is the input data required to run 
ST:REAM for the Taff catchment in South Wales. 
